An Embedded Seizure Onset Detection System by Kindle, Alexander Lawrence
Worcester Polytechnic Institute
Digital WPI
Masters Theses (All Theses, All Years) Electronic Theses and Dissertations
2013-09-12
An Embedded Seizure Onset Detection System
Alexander Lawrence Kindle
Worcester Polytechnic Institute
Follow this and additional works at: https://digitalcommons.wpi.edu/etd-theses
This thesis is brought to you for free and open access by Digital WPI. It has been accepted for inclusion in Masters Theses (All Theses, All Years) by an
authorized administrator of Digital WPI. For more information, please contact wpi-etd@wpi.edu.
Repository Citation
Kindle, Alexander Lawrence, "An Embedded Seizure Onset Detection System" (2013). Masters Theses (All Theses, All Years). 1035.
https://digitalcommons.wpi.edu/etd-theses/1035
AN EMBEDDED SEIZURE ONSET DETECTION SYSTEM 
By 
Alexander Lawrence Kindle 
A Thesis 
Submitted to the Faculty 
Of the 
WORCESTER POLYTECHNIC INSTITUTE 
In partial fulfillment of the requirements for the 
Degree of Master of Science 
In 
Robotics Engineering 
September 2013 
© Alexander Lawrence Kindle, All rights reserved 
The author hereby grants to Worcester Polytechnic Institute and The Charles Stark Draper Laboratory, 
Inc. permission to reproduce and to distribute publicly paper and electronic copies of this thesis 
document in whole or in any part medium now known or hereafter created. 
APPROVED: 
Dr. Bryan McLaughlin, CS Draper Laboratory 
 
Dr. Taskin Padir, Thesis Advisor 
 
Dr. Michael Gennert, Committee Member 
❆♥ ❊♠❜❡❞❞❡❞ ❙❡✐③✉r❡ ❖♥s❡t ❉❡t❡❝t✐♦♥
❙②st❡♠
❆❧❡①❛♥❞❡r ▲❛✇r❡♥❝❡ ❑✐♥❞❧❡
❙❡♣t❡♠❜❡r ✶✷✱ ✷✵✶✸
❆❜str❛❝t
❆ ❝♦♠❜✐♥❡❞ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ ♣❧❛t❢♦r♠ ❢♦r ❛♠❜✉❧❛t♦r② s❡✐③✉r❡
♦♥s❡t ❞❡t❡❝t✐♦♥ ✐s ♣r❡s❡♥t❡❞✳ ❚❤❡ ❤❛r❞✇❛r❡ ✐s ❞❡✈❡❧♦♣❡❞ ❛r♦✉♥❞ ❝♦♠✲
♠❡r❝✐❛❧ ♦✛✲t❤❡✲s❤❡❧❢ ❝♦♠♣♦♥❡♥ts✱ ❢❡❛t✉r✐♥❣ ❆❉❙✶✷✾✾ ❛♥❛❧♦❣ ❢r♦♥t ❡♥❞s
❢♦r ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤② ❢r♦♠ ❚❡①❛s ■♥str✉♠❡♥ts ❛♥❞ ❛ ❇r♦❛❞❝♦♠
❆❘▼✶✶ ♠✐❝r♦❝♦♥tr♦❧❧❡r ❢♦r ❛❧❣♦r✐t❤♠ ❡①❡❝✉t✐♦♥✳ ❚❤❡ ♦♥s❡t ❞❡t❡❝t✐♦♥
❛❧❣♦r✐t❤♠ ✐s ❛ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ❛❧❣♦r✐t❤♠✳ ■t
♦✉t♣❡r❢♦r♠s ❛ st❛t❡✲♦❢✲t❤❡✲❛rt ❞❡t❡❝t♦r ♦♥ ❛ r❡❢❡r❡♥❝❡ ❞❛t❛ s❡t✱ ✇✐t❤
✶✵✵✪ s❡♥s✐t✐✈✐t②✱ ✸✳✹ s❡❝♦♥❞ ❛✈❡r❛❣❡ ♦♥s❡t ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝②✱ ❛♥❞ ♦♥
❛✈❡r❛❣❡ ✶ ❢❛❧s❡ ♣♦s✐t✐✈❡ ♣❡r ✷✹ ❤♦✉rs✳ ❚❤❡ ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ❊✉✲
r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✐s t❤❡♥ ❡✈❛❧✉❛t❡❞✱ ✇❤✐❝❤ ❤✐❣❤❧✐❣❤ts s❡✈❡r❛❧
r❡❛❧✲✇♦r❧❞ ❝❤❛❧❧❡♥❣❡s ❢♦r s❡✐③✉r❡ ♦♥s❡t ❞❡t❡❝t✐♦♥✱ r❡s✉❧t✐♥❣ ✐♥ r❡❞✉❝❡❞
❛✈❡r❛❣❡ s❡♥s✐t✐✈✐t② ♦❢ ✾✸✳✺✪✱ ✺ s❡❝♦♥❞ ❛✈❡r❛❣❡ ♦♥s❡t ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝②✱
❛♥❞ ✽✺✳✺✪ s♣❡❝✐✜❝✐t②✳ ❆❧❣♦r✐t❤♠ ❡♥❤❛♥❝❡♠❡♥ts t♦ ✐♠♣r♦✈❡ t❤✐s r❡✲
❞✉❝❡❞ ♣❡r❢♦r♠❛♥❝❡ ❛r❡ ♣r♦♣♦s❡❞✳
❈♦♥t❡♥ts
✶ ■♥tr♦❞✉❝t✐♦♥ ✶
✶✳✶ Pr♦❜❧❡♠ ❙t❛t❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶
✶✳✷ ❖❜❥❡❝t✐✈❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶
✶✳✸ ▲❛②♦✉t ♦❢ ❚❤❡s✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷
✷ ❇❛❝❦❣r♦✉♥❞ ✸
✷✳✶ ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ❆❧❣♦r✐t❤♠s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸
✷✳✶✳✶ ❊❊● ❢♦r ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸
✷✳✶✳✷ ❙t❛t❡ ♦❢ t❤❡ ❆rt ❉❡t❡❝t✐♦♥ ❆❧❣♦r✐t❤♠s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✷ ❙✉♣♣♦rt ❱❡❝t♦r ▼❛❝❤✐♥❡s ❢♦r ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✷✳✷✳✶ ❋♦r♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✷✳✷ ❑❡r♥❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✷✳✸ ❖♣t✐♠✐③❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✷✳✷✳✹ ❋❡❛t✉r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✷✳✷✳✺ ❈♦♠♣✉t❛t✐♦♥❛❧ ❈♦♠♣❧❡①✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✸ ❙♦❢t✇❛r❡ ✶✻
✸✳✶ ❋❡❛t✉r❡ ❊①tr❛❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✸✳✶✳✶ P❛t✐❡♥t ❉❛t❛ Pr♦❝❡ss✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✸✳✶✳✷ ■♥❞✐✈✐❞✉❛❧ ❊❉❋ Pr♦❝❡ss✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✸✳✶✳✸ ❋❡❛t✉r❡ ❊①tr❛❝t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✸✳✶✳✹ ❖✉t♣✉t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✸✳✷ ▼❆❚▲❆❇ ■♥s♣❡❝t✐♦♥ ❛♥❞ ❱❛❧✐❞❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✸✳✸ ❖✤✐♥❡ ❚r❛✐♥✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
✸✳✹ ❖♥❧✐♥❡ ❉❡t❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶
✸✳✺ ❖♥s❡t ❉❡❝❧❛r❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✹ ❍❛r❞✇❛r❡ ✷✻
✐
✹✳✶ ❊❊● ❍❛r❞✇❛r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✹✳✶✳✶ ❋✐rst ●❡♥❡r❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✹✳✶✳✷ ❙❡❝♦♥❞ ●❡♥❡r❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
✹✳✷ ❊♠❜❡❞❞❡❞ ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ❊♥✈✐r♦♥♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶
✺ ❘❡s✉❧ts ✸✷
✺✳✶ ❉❡t❡❝t♦r P❡r❢♦r♠❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✺✳✶✳✶ ❘❡❢❡r❡♥❝❡ ❈♦♠♣❛r✐s♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✺✳✶✳✷ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ❘❡s✉❧ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✻ ❈♦♥❝❧✉s✐♦♥ ✹✽
▲✐st ♦❢ ❋✐❣✉r❡s
✶ ❚✇♦ s❡✐③✉r❡s ❢r♦♠ ♣❛t✐❡♥t ✶ ♦❢ t❤❡ ❈❍❇▼■❚ ❞❛t❛❜❛s❡ ❬✶✺❪✳
❚❤❡ ❡❧❡❝tr♦❣r❛♣❤✐❝ s❡✐③✉r❡ ♦♥s❡t ✐s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ✈❡rt✐❝❛❧
❞❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
✷ ❆ ♠❛①✐♠❛❧❧②✲s❡♣❛r❛t✐♥❣ ❤②♣❡r♣❧❛♥❡ ❜❡t✇❡❡♥ t✇♦ ❝❧❛ss❡s ♦❢
❞❛t❛✳ ❚❤❡ ♣♦✐♥ts ♦♥ t❤❡ ❞❛s❤❡❞ ❧✐♥❡s ❛r❡ t❤❡ s✉♣♣♦rt ✈❡❝t♦rs✳
❈②❝ ✴ ❲✐❦✐♠❡❞✐❛ ❈♦♠♠♦♥s ✴ P✉❜❧✐❝ ❉♦♠❛✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾
✸ ❑❡r♥❡❧ tr✐❝❦ ♣❤✐ ❛❧❧♦✇s ❢♦r ❛ ♥♦♥❧✐♥❡❛r ❞❡❝✐s✐♦♥ ❜♦✉♥❞❛r②✳ ❆❧✲
✐s♥❡❛❦② ✴ ❲✐❦✐♠❡❞✐❛ ❈♦♠♠♦♥s ✴ P✉❜❧✐❝ ❉♦♠❛✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✹ ❆ ❜✐♥❛r② ❞❛t❛s❡t ✐♥ ✭❛✮ ✐s tr❛♥s❢♦r♠❡❞ ❢r♦♠ ❧✐♥❡❛r❧② ✐♥s❡♣❛✲
r❛❜❧❡ ✐♥ t❤❡ ♣r♦❜❧❡♠ s♣❛❝❡ t♦ ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡ ✐♥ t❤❡ ❦❡r♥❡❧
s♣❛❝❡ ✐♥ ✭❜✮✳ ❙t♦♠♣❈❤✐❝❦❡♥ ✴ ❙t❛❝❦❊①❝❤❛♥❣❡ ✴ ❝❝ ❜②✲s❛ ✳ ✳ ✳ ✶✶
✺ γ ✈s C❀ ❤❡❛t♠❛♣s ♦❢ ❧❛t❡♥❝② ❛♥❞ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡✳ ◆❡✐❣❤✲
❜♦r✐♥❣ γ✱ C ❝♦♠❜✐♥❛t✐♦♥s t❡♥❞ t♦ ❤❛✈❡ s✐♠✐❧❛r ♣❡r❢♦r♠❛♥❝❡
❝❤❛r❛❝t❡r✐st✐❝s✳ ❆ ❜❡st✲❝❛s❡γ✱ C ✐s ❛s ❧♦✇ ❛s ♣♦ss✐❜❧❡ ✭❞❛r❦
❜❧✉❡✮ ♦♥ ❡❛❝❤ ♠❛♣✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✐✐
✻ ❊①❛♠♣❧❡ ♦❢ ✇✐♥❞♦✇✐♥❣ ❊❊● ❞❛t❛ ❢♦r ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✳ ❉❛t❛
s❡❣♠❡♥t ❢r♦♠ ❈❍❇▼■❚ ❉❛t❛❜❛s❡❬✶✺❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✼ ❊♠❜❡❞❞❡❞ ❛❧❣♦r✐t❤♠ ❡①❡❝✉t✐♦♥ ✢♦✇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
✽ ❇❧♦❝❦ ❉✐❛❣r❛♠ ♦❢ ❙❡❝♦♥❞ ●❡♥❡r❛t✐♦♥ ❊❊● P❧❛t❢♦r♠ ✳ ✳ ✳ ✳ ✳ ✷✽
✾ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❤❛r❞✇❛r❡ ♣❧❛t❢♦r♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✶✵ ❉❡✈✐❝❡ ✐♥ ✉s❡ ♦♥ t❤❡ ❛✉t❤♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✶✶ P❡r❝❡♥t❛❣❡ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹
✶✷ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ✷✹ ❤♦✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✶✸ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✶✹ ❘❖❈ ❝✉r✈❡ ♦❢ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ❆ ❂ ✼✺✵ ♦♥ t❤❡
✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✳ ✳ ✸✽
✶✺ ❋r❛❝t✐♦♥ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞ ❜② t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹ ❞❡✲
t❡❝t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
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✶✻ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ♦❢ t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹ ❞❡t❡❝✲
t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
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✶✼ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹ ❞❡t❡❝✲
t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
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✶✽ ❘❖❈ ❝✉r✈❡ ♦❢ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ❆ ❂ ✾✵ ♦♥ t❤❡
✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✳ ✳ ✹✸
✶✾ ❋r❛❝t✐♦♥ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞ ❜② t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡✲
t❡❝t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
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✷✵ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ♦❢ t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡t❡❝t♦r ♦♥
t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✹✺
✐✐✐
✷✶ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡t❡❝✲
t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
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✐✈
✶ ■♥tr♦❞✉❝t✐♦♥
✶✳✶ Pr♦❜❧❡♠ ❙t❛t❡♠❡♥t
❊♣✐❧❡♣s② ✐s t❤❡ t❤✐r❞ ♠♦st ❝♦♠♠♦♥ ♥❡✉r♦❧♦❣✐❝❛❧ ❞✐s♦r❞❡r✱ ❛❢t❡r ❆❧③❤❡✐♠❡r
❞✐s❡❛s❡ ❛♥❞ str♦❦❡s✳ ❆♣♣r♦①✐♠❛t❡❧② ✶✪ ♦❢ ♣❡♦♣❧❡ ✇♦r❧❞✇✐❞❡ ❤❛✈❡ ❡♣✐❧❡♣s②
❬✷✾✱ ✷✽✱ ✶✷❪✳ ❖❢ t❤❡ ❡♣✐❧❡♣t✐❝ ♣♦♣✉❧❛t✐♦♥✱ ✸✵✪ ❤❛✈❡ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧❧② ✐♥✲
tr❛❝t❛❜❧❡ ❡♣✐❧❡♣s②✱ ✇❤✐❝❤ ✐s ❡♣✐❧❡♣s② t❤❛t ✐s ♥♦t r❡s♣♦♥s✐✈❡ t♦ t✇♦ ♦r ♠♦r❡ ❛♥t✐✲
❡♣✐❧❡♣t✐❝ ❞r✉❣s ❬✶✷❪✳ ❊①✐st✐♥❣ tr❡❛t♠❡♥ts ❢♦r ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧❧② ✐♥tr❛❝t❛❜❧❡
❡♣✐❧❡♣s② ✐♥❝❧✉❞❡ ♣♦❧②♣❤❛r♠❛❝②✱ ❦❡t♦❣❡♥✐❝ ❞✐❡t❬✸✶❪✱ ❞❡❡♣✲❜r❛✐♥ st✐♠✉❧❛t✐♦♥❬✹❪✱
❛♥❞ s❡✐③✉r❡ ❢♦❝✉s r❡♠♦✈❛❧✳ ❇❡♥❝❤♠❛r❦✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ s❡✐③✉r❡ ♠✐t✐✲
❣❛t✐♦♥ t❤❡r❛♣✐❡s ✐s ❝❤❛❧❧❡♥❣✐♥❣ ❜❡❝❛✉s❡ ✐t ✐s ❡✐t❤❡r ❞❡♣❡♥❞❡♥t ♦♥ ❛ ♣❛t✐❡♥t✬s
❛❜✐❧✐t② t♦ r❡❝♦r❞ s❡✐③✉r❡ ❢r❡q✉❡♥❝②❬✷✵❪ ❛♥❞ s❡✈❡r✐t② ♦r ✐t r❡q✉✐r❡s s♣❡♥❞✐♥❣
❡♥♦✉❣❤ t✐♠❡ ✐♥ ❛♥ ❡♣✐❧❡♣s② ♠♦♥✐t♦r✐♥❣ ✉♥✐t t♦ ❡st❛❜❧✐s❤ ❜♦t❤ ❜❛s❡❧✐♥❡ ❛♥❞
♠✐t✐❣❛t❡❞ ❢r❡q✉❡♥❝✐❡s ❛♥❞ s❡✈❡r✐t✐❡s✳
✶✳✷ ❖❜❥❡❝t✐✈❡
❚❤❡r❡ ✐s ❛ ❝❧❡❛r ❛♥❞ ♣r❡s❡♥t ♥❡❡❞ ❢♦r ❛ ♠✐♥✐♠❛❧❧② ✐♥✈❛s✐✈❡ s❡✐③✉r❡ ❛❧❡rt s②st❡♠✳
❚❤❡ ❡❧❡❝tr♦❣r❛♣❤✐❝ ♦♥s❡t ♦❢ ❛ s❡✐③✉r❡ ♠❛② ♣r❡❝❡❞❡ t❤❡ ♣❤②s✐♦❧♦❣✐❝❛❧ ♦♥s❡t
❜② ❛s ♠✉❝❤ ❛s ❛ ♠✐♥✉t❡ ❬✷✼❪✳ ❈❧✐♥✐❝❛❧ ♦♥s❡t ✐s t❤❡ ♦♥s❡t ♦❢ ❞❡❜✐❧✐t❛t✐♥❣ ♦r
✐♥❤✐❜✐t✐♥❣ ❝❧✐♥✐❝❛❧ s②♠♣t♦♠s✱ s✉❝❤ ❛s ❝♦♥✈✉❧s✐♦♥s✱ ❧♦ss ♦❢ ❜❧❛❞❞❡r ♦r ❜♦✇❡❧
❝♦♥tr♦❧✱ ♦r ✐♠♣❛✐r♠❡♥t ♦❢ ❝♦♥s❝✐♦✉s♥❡ss ❬✼❪✳ ❆ ♣r❛❝t✐❝❛❧ ❡❧❡❝tr♦❣r❛♣❤✐❝ ♦♥s❡t
❞❡t❡❝t♦r ❝♦✉❧❞ ❛❧❡rt ❛ ♣❛t✐❡♥t ♦❢ ❛♥ ✐♠♣❡♥❞✐♥❣ s❡✐③✉r❡✱ ✇❤✐❝❤ ❝♦✉❧❞ ❛t ❧❡❛st
❡♥❛❜❧❡ t❤❡ ♣❛t✐❡♥t t♦ ❡♥t❡r ❛ ♠♦r❡ s❛❢❡ ❡♥✈✐r♦♥♠❡♥t✳ ❇❛s✐❝ ❛❝t✐✈✐t✐❡s✱ s✉❝❤
❛s ❝❧✐♠❜✐♥❣ st❛✐rs✱ ❜❛t❤✐♥❣✱ ❛♥❞ ❝r♦ss✐♥❣ t❤❡ str❡❡t ❝❛♥ ♣r❡s❡♥t ❛ s❛❢❡t② r✐s❦
t♦ ♣❡♦♣❧❡ ✇✐t❤ ❡♣✐❧❡♣s② ❬✸✼❪✳ ❆♥ ❛❧❡rt ♦❢ ❛♥ ✐♠♣❡♥❞✐♥❣ s❡✐③✉r❡ ❝♦✉❧❞ ♣r♦✈✐❞❡
❡♥♦✉❣❤ t✐♠❡ ❢♦r t❤❡ ♣❛t✐❡♥t t♦ ❡♥t❡r ❛ s❛❢❡r st❛t❡ t❤❛♥ t❤❡✐r ❝✉rr❡♥t st❛t❡✳
❚❤❡ ❣♦❛❧ ✐s t♦ ❞❡✈❡❧♦♣ ❛♥ ❛♠❜✉❧❛t♦r② s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ♣❧❛t❢♦r♠ t♦ ❛✐❞ ✐♥
❡♣✐❧❡♣s② ♠❛♥❛❣❡♠❡♥t ❛♥❞ ✐♠♣r♦✈❡ q✉❛❧✐t② ♦❢ ❧✐❢❡ ❬✷❪✳ ❲❡ ❛r❡ s✐♠✉❧t❛♥❡♦✉s❧②
✶
❛❞❞r❡ss✐♥❣ ❜♦t❤ t❤❡ ❤❛r❞✇❛r❡ ❛♥❞ t❤❡ s♦❢t✇❛r❡ ❝❤❛❧❧❡♥❣❡s✳ ❲❡ ❤❛✈❡ ❞❡✈❡❧✲
♦♣❡❞ ❛♥ ❛♠❜✉❧❛t♦r② ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♠ ✭❊❊●✮ ♠♦♥✐t♦r✐♥❣ s②st❡♠✳ ❲❡
❤❛✈❡ ❛❧s♦ ❞❡✈❡❧♦♣❡❞ ❛♥ ❡♠❜❡❞❞❡❞ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡
✭❙❱▼✮ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠✱ ❜❛s❡❞ ♦♥ t❤❡ ✇♦r❦ ✐♥ ❬✷✾✱ ✷✽❪✳ ❚❤✐s ❛❧❣♦✲
r✐t❤♠ ✐s ❝♦♥✜❣✉r❡❞ ❢♦r r❡❛❧✲t✐♠❡ ❡①❡❝✉t✐♦♥ ✐♥ ❛♥ ❡♠❜❡❞❞❡❞ ❡♥✈✐r♦♥♠❡♥t✱ s✉❝❤
❛s ♦♥ ❛♥ ❆❘▼ ♠✐❝r♦♣r♦❝❡ss♦r✳ ■♥ ♦✉r ❞❡✈❡❧♦♣♠❡♥t✱ ❛♥ ❆❘▼✈✻ ❛r❝❤✐t❡❝t✉r❡
♣r♦❝❡ss♦r ❤❛s ❜❡❡♥ ✉s❡❞✳
✶✳✸ ▲❛②♦✉t ♦❢ ❚❤❡s✐s
❋✐rst✱ ❜❛❝❦❣r♦✉♥❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❡♣✐❧❡♣s②✱ ❊❊●✱ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥✱ ❛♥❞ ❙❱▼
❝❧❛ss✐✜❝❛t✐♦♥ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ■♥ ♣❛rt ✸✱ t❤❡ s♦❢t✇❛r❡ ❞❡s✐❣♥ ✐s ♣r❡s❡♥t❡❞✱
❛♥❞ t❤❡ ❞❡s✐❣♥ ❝❤♦✐❝❡s ❛r❡ ❞✐s❝✉ss❡❞✳ ■♥ P❛rt ✹✱ t❤❡ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ ✐s ♣r❡✲
s❡♥t❡❞ ❛♥❞ ❞✐s❝✉ss❡❞✳ ■♥ ♣❛rt ✺✱ r❡s✉❧ts ❛❣❛✐♥st ❛ ♣✉❜❧✐❝ ❞❛t❛❜❛s❡ ❛r❡ ❞❡r✐✈❡❞
❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❛♥ ✐♥❞✉str②✲st❛♥❞❛r❞ ❞❡t❡❝t♦r✳ ❚❤❡♥✱ r❡s✉❧ts ❛❣❛✐♥st ❛ ♥❡✇✱
❧❛r❣❡r ❞❛t❛❜❛s❡ ❛r❡ ❞❡r✐✈❡❞ ❛♥❞ ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧✳ ■♥ ♣❛rt ✻✱ ✇❡ ♠❛❦❡ s♦♠❡
❝♦♥❝❧✉s✐♦♥s ❛❜♦✉t t❤❡ s②st❡♠ ❛♥❞ ♣r♦♣♦s❛❧s ❢♦r ❢✉t✉r❡ ✇♦r❦✳
✷
✷ ❇❛❝❦❣r♦✉♥❞
■♥ t❤✐s s❡❝t✐♦♥✱ ❛ ❜r✐❡❢ ♦✈❡r✈✐❡✇ ♦❢ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s ✐s ♣r❡s❡♥t❡❞✳
❆ ✈❛r✐❡t② ♦❢ ♣♦ss✐❜❧❡ ❛♣♣r♦❛❝❤❡s t♦ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❛r❡
❞✐s❝✉ss❡❞✳ ❚❤❡ ❛♣♣r♦❛❝❤ ✉s❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s ❛♥❛❧②③❡❞✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ✐♠✲
♣❧✐❝❛t✐♦♥s ♦❢ ❛♣♣r♦❛❝❤❡s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ ✐♥ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤ s♣❡❝✐✜❝❛❧❧②
❛r❡ ❤✐❣❤❧✐❣❤t❡❞✳
✷✳✶ ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ❆❧❣♦r✐t❤♠s
❙❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s ❛s ❛ ✇❤♦❧❡ ❛r❡ ❛ ❝❧❛ss ♦❢ ❛❧❣♦r✐t❤♠s ✇❤♦s❡ ♦❜✲
❥❡❝t✐✈❡ ✐s t♦ ❞❡t❡❝t s❡✐③✉r❡ ♦♥s❡t✳ ❚❤✐s ✐s ❞✐st✐♥❝t ❢r♦♠ s❡✐③✉r❡ ♣r❡❞✐❝t✐♦♥✳
❙❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❝❛♥ ♦♥❧② ♦❝❝✉r ❛❢t❡r t❤❡ st❛rt ♦❢ s❡✐③✉r❡ ❛❝t✐✈✐t②✱ ✇❤✐❧❡
s❡✐③✉r❡ ♣r❡❞✐❝t✐♦♥ ❛✐♠s t♦ ♣r❡❞✐❝t ✇❤❡♥ ❛ s❡✐③✉r❡ ✇✐❧❧ ❤❛♣♣❡♥ ❬✷✹❪✳ ❙❡✐③✉r❡
❞❡t❡❝t✐♦♥ ❞❡t❡r♠✐♥❡s t❤❛t ❛ s❡✐③✉r❡ ✐s ❤❛♣♣❡♥✐♥❣✳ ❚②♣✐❝❛❧ s❡✐③✉r❡ ♦♥s❡t ❞❡✲
t❡❝t✐♦♥ ✐s ❞♦♥❡ ✇✐t❤ ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤✐❝ s✐❣♥❛❧s✱ ❤♦✇❡✈❡r ✇♦r❦ ❤❛s ❜❡❡♥
❞♦♥❡ t♦ ❛✉❣♠❡♥t ♦r r❡♣❧❛❝❡ t❤✐s ❞❛t❛ ✇✐t❤ ♦t❤❡r s❡♥s♦r s♦✉r❝❡s✱ s✉❝❤ ❛s ❡❧❡❝✲
tr♦❝❛r❞✐♦❣r❛♣❤✐❝ ♦r ❛❝t✐❣r❛♣❤✐❝ ❞❛t❛ ❬✽✱ ✶✽✱ ✷✻✱ ✷✼❪✳
❚❤❡ ❣❡♥❡r❛❧✐③❡❞ ♣r♦❜❧❡♠ ❜❡❤✐♥❞ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥✱ r❡❣❛r❞❧❡ss ♦❢ ❞❛t❛
s♦✉r❝❡✱ ✐s ❜✐♥❛r② ❝❧❛ss✐✜❝❛t✐♦♥✿ ❣✐✈❡♥ t❤❡ ❞❛t❛ ❝✉rr❡♥t❧② ❛✈❛✐❧❛❜❧❡✱ ✐s ❛ s❡✐③✉r❡
♦❝❝✉rr✐♥❣❄ ❚❤✐s ❝❧❛ss✐✜❝❛t✐♦♥ ♠❛② ❜❡ ♣❡r❢♦r♠❡❞ ♦♥ ❥✉st ❛ ❝✉rr❡♥t s❧✐❝❡ ♦❢
❞❛t❛✱ ♦r ✐t ♠❛② ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ s♦♠❡ q✉❛♥t✐t② ♦❢ ❤✐st♦r✐❝❛❧
❞❛t❛✳ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❝❛♥♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❢✉t✉r❡ ❞❛t❛ ❢♦r ♦❜✈✐♦✉s
r❡❛s♦♥s✳
✷✳✶✳✶ ❊❊● ❢♦r ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥
❊❊●✱ ♦r ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤②✱ ✐s t❤❡ ♣r♦❝❡ss ♦❢ ♠❡❛s✉r✐♥❣ t❤❡ ❡❧❡❝tr✐❝❛❧
s✐❣♥❛❧s t❤❛t ❛r❡ ✐♥❞✐❝❛t✐✈❡ ♦❢ ❜r❛✐♥ ❛❝t✐✈✐t②✳ ❚❤❡r❡ ❛r❡ t❤r❡❡ ♠❛✐♥ ❣r♦✉♣s ♦❢
❊❊● s✐❣♥❛❧ ♠❡❛s✉r❡♠❡♥ts ✲ ✐♥tr❛❝r❛♥✐❛❧ ❊❊●✱ ✇❤❡r❡ s✐❣♥❛❧s ❛r❡ ♠❡❛s✉r❡❞
♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❜r❛✐♥❀ s❝❛❧♣ ❊❊●✱ ✇❤❡r❡ s✐❣♥❛❧s ❛r❡ ♠❡❛s✉r❡❞ ♦♥ t❤❡
✸
❋✐❣✉r❡ ✶✿ ❚✇♦ s❡✐③✉r❡s ❢r♦♠ ♣❛t✐❡♥t ✶ ♦❢ t❤❡ ❈❍❇▼■❚ ❞❛t❛❜❛s❡ ❬✶✺❪✳ ❚❤❡
❡❧❡❝tr♦❣r❛♣❤✐❝ s❡✐③✉r❡ ♦♥s❡t ✐s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ✈❡rt✐❝❛❧ ❞❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡✳
✹
s✉r❢❛❝❡ ♦❢ t❤❡ s❝❛❧♣❀ ❛♥❞ s✐♥❣❧❡✲✉♥✐t r❡❝♦r❞✐♥❣s✱ ✇❤✐❝❤ ♠❡❛s✉r❡ t❤❡ ❡❧❡❝tr♦✲
♣❤②s✐♦❧♦❣✐❝❛❧ r❡s♣♦♥s❡s ♦❢ ❛ s✐♥❣❧❡ ♥❡✉r♦♥✳ ❲❤✐❧❡ ❛ ✈❛r✐❡t② ♦❢ ❜r❛✐♥ ❛❝t✐✈✐t✐❡s
❝❛♥ ❜❡ ❞❡t❡❝t❡❞ t❤r♦✉❣❤ ❊❊●✱ t❤❡ ❢♦❝✉s ♦❢ t❤✐s ✇♦r❦ ✐s ♦♥ ❞❡t❡❝t✐♥❣ t❤❡
♣r❡s❡♥❝❡ ♦❢ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡s✳
❊♣✐❧❡♣t✐❝ s❡✐③✉r❡s ♠❛♥✐❢❡st ✐♥ ❊❊● ❛s ❛ s✉❞❞❡♥ s❤✐❢t ✐♥ t❤❡ ♣♦✇❡r s♣❡❝tr❛❧
❞❡♥s✐t② ❬✷✾✱ ✷✽❪✳ ❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡s ✐♥ ❊❊● ✐s ✈❡r② ♣❛t✐❡♥t✲
❞❡♣❡♥❞❡♥t ✐♥ t❡r♠s ♦❢ ✐♥❞✐✈✐❞✉❛❧ s✐❣♥❛❧ ♠♦r♣❤♦❧♦❣② ❛s ✇❡❧❧ ❛s ❞✐str✐❜✉t✐♦♥
❛❝r♦ss t❤❡ ♣❛t✐❡♥t✬s ❛♥❛t♦♠② ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❛❝r♦ss ♠✉❧t✐♣❧❡ ❊❊● ❝❤❛♥✲
♥❡❧s✳ ❍♦✇❡✈❡r✱ ❢♦r ❛ ❣✐✈❡♥ ♣❛t✐❡♥t✱ ❡♣✐❧❡♣s② s✐❣♥❛❧s ❛r❡ ✈❡r② ❝♦♥s✐st❡♥t ❛❝r♦ss
s❡✐③✉r❡s✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✳ ❆ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ ❞❡t❡❝t♦r tr❛✐♥❡❞ ♦♥ ❛♥ ✐♥❞✐✲
✈✐❞✉❛❧✬s s❡✐③✉r❡ ❤✐st♦r② ✐s ❛♥ ❛♣♣r♦❛❝❤ t❤❛t ❜❡❡♥ s✉❝❝❡ss❢✉❧❧② ❞❡♠♦♥str❛t❡❞
✐♥ ❬✷✾✱ ✷✽❪✳
❋♦r t❤❡ ♣✉r♣♦s❡s ♦❢ ❛ ♥♦♥✐♥✈❛s✐✈❡ ❛♠❜✉❧❛t♦r② ♠♦♥✐t♦r✐♥❣ ❞❡✈✐❝❡✱ s❝❛❧♣
❊❊● ✐s t❤❡ ❧❡❛st ✐♥✈❛s✐✈❡ s✐❣♥❛❧ s❡t✳ ❲❤✐❧❡ ✐♥tr❛❝r❛♥✐❛❧ s✐❣♥❛❧s ❞❡♠♦♥str❛t❡
❤✐❣❤ ❞❡❣r❡❡s ♦❢ ❧♦❝❛❧✐③❛t✐♦♥ ✲ s♣❡❝✐✜❝ s✐❣♥❛❧s ❛r❡ ✈❡r② ❧✐♠✐t❡❞ ✐♥ ✇❤❡r❡ t❤❡②
❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❣❡♦❣r❛♣❤② ♦❢ t❤❡ ❜r❛✐♥ ✲ s❝❛❧♣ ❊❊● ✐s ♠✉❝❤ ♠♦r❡
❣❡♥❡r❛❧✐③❡❞✳ ❙✐♠✐❧❛r❧②✱ ✐♥tr❛❝r❛♥✐❛❧ ❊❊● ❤❛s ❤✐❣❤✲❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥ts✱
✇❤✐❧❡ s❝❛❧♣ ❊❊● ❞♦❡s ♥♦t✳ ❚❤❡ s❦✉❧❧✬s ❡❧❡❝tr✐❝❛❧ ✐♠♣❡❞❛♥❝❡ ❢✉♥❝t✐♦♥s ❛s
❛ ❧♦✇✲♣❛ss ✜❧t❡r✱ ✇❤✐❝❤ ❧✐♠✐ts ❜♦t❤ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥ts ♦❢ ❊❊●
❛♥❞ t❤❡ ❤✐❣❤ ❧♦❝❛❧✐t② ♦❢ t❤❡ s✐❣♥❛❧s✳ ■♥ ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱ t❤✐s ❧✐♠✐ts t❤❡
❛❜✐❧✐t② ♦❢ ❞❡t❡r♠✐♥✐♥❣ ✇❤✐❝❤ r❡❣✐♦♥ ♦❢ t❤❡ ❜r❛✐♥ ❛ s✐❣♥❛❧ ♦r✐❣✐♥❛t❡s ❢r♦♠✱ ❜✉t
❢♦r t❤❡ ♦✉r ❛♣♣❧✐❝❛t✐♦♥s✱ ✐t r❡❞✉❝❡s t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦❞❡s ♥❡❡❞❡❞ t♦ ❢✉❧❧②
❝♦✈❡r t❤❡ ❛♥❛t♦♠✐❝❛❧ s✐❣♥❛❧ s♣❛❝❡✳
■♥ t❡r♠s ♦❢ ❜❛♥❞✇✐❞t❤✱ t❤❡ s✐❣♥❛❧s ♦❢ ✐♥t❡r❡st t♦ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛♣♣❡❛r
✐♥ t❤❡ ✸✲✷✺ ❍③ ❜❛♥❞✳ ❚❤❡ s✐❣♥❛❧ ♣♦t❡♥t✐❛❧s ❛t t❤❡ s❝❛❧♣ ♦❢ t❤❡s❡ s✐❣♥❛❧s ❛r❡
✈❡r② s♠❛❧❧ ✲ t②♣✐❝❛❧❧② ❧❡ss t❤❛♥ ✷✵ ♠✐❝r♦✈♦❧ts✳
✺
✷✳✶✳✷ ❙t❛t❡ ♦❢ t❤❡ ❆rt ❉❡t❡❝t✐♦♥ ❆❧❣♦r✐t❤♠s
❈✉rr❡♥t st❛t❡ ♦❢ t❤❡ ❛rt s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s ❝❛♥ ❜❡ s❡♣❛r❛t❡❞ ✐♥t♦
t✇♦ ❣r♦✉♣s ✲ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ ❛♥❞ ♣❛t✐❡♥t✲♥♦♥s♣❡❝✐✜❝✳ P❛t✐❡♥t✲s♣❡❝✐✜❝ ❞❡t❡❝✲
t♦rs✱ s✉❝❤ ❛s t❤❡ ♦♥❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ❣❡♥❡r❛❧❧② ❤❛✈❡ s✉♣❡r✐♦r
❞❡t❡❝t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s t❤❛♥ ♥♦♥s♣❡❝✐✜❝ ❞❡t❡❝t♦rs ❬✷✾✱ ✷✽❪✱ ❜✉t ❤❛✈❡ t❤❡ ❞r❛✇✲
❜❛❝❦ ♦❢ r❡q✉✐r✐♥❣ ❛ tr❛✐♥✐♥❣ ❞❛t❛s❡t ♦❢ t❤❡ ♣❛t✐❡♥t✬s ❊❊●✱ ✐♥❝❧✉❞✐♥❣ s❡✐③✉r❡
❊❊●✳ ❚❤✐s ✐s ♠♦st s✐❣♥✐✜❝❛♥t❧② ❛ ♣r♦❜❧❡♠ ✐♥ ♣❛t✐❡♥ts ✇❤♦s❡ s❡✐③✉r❡s ❛r❡
✐♥❢r❡q✉❡♥t✱ ♣❛rt✐❝✉❧❛r❧② ❜❡❝❛✉s❡ ♣r♦✈♦❦❡❞ s❡✐③✉r❡s✱ s✉❝❤ ❛s t❤♦s❡ tr✐❣❣❡r❡❞
❜② ♣❤♦t♦ st✐♠✉❧❛t✐♦♥ ♦r ❤②♣❡r✈❡♥t✐❧❛t✐♦♥✱ ♠❛② ❜② ♣❤②s✐♦❧♦❣✐❝❛❧❧② ❞✐✛❡r❡♥t
❢r♦♠ ❛ ♣❛t✐❡♥t✬s s♣♦♥t❛♥❡♦✉s ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡s ❬✸✻❪✳ P❛t✐❡♥t✲♥♦♥s♣❡❝✐✜❝ ❛❧✲
❣♦r✐t❤♠s ❞♦ ♥♦t r❡q✉✐r❡ ❛♥② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♣❛t✐❡♥t ✉♥❞❡r t❡st✱ ❜✉t
s❛❝r✐✜❝❡ ❞❡t❡❝t♦r ♣❡r❢♦r♠❛♥❝❡✳
■♥ ❣❡♥❡r❛❧✱ ❊❊●✲❜❛s❡❞ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ✐s ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ❢♦❧✲
❧♦✇✐♥❣ ♣r♦❝❡ss✿ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥✱ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✱ ❝❧❛ss✐✜❝❛t✐♦♥✱ ❛♥❞ r❡✲
s✉❧ts✳ ❚❤❡ ✈❛r✐❛❜❧❡s ✐♥ t❤✐s s②st❡♠ ❛r❡ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ t❡❝❤♥✐q✉❡ ❛♥❞
t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♠❡t❤♦❞✳ ❆ ♠✉❧t✐t✉❞❡ ♦❢ ♣♦ss✐❜❧❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ t❡❝❤✲
♥✐q✉❡s ❤❛✈❡ ❜❡❡♥ ❡①♣❧♦r❡❞✱ ✐♥❝❧✉❞✐♥❣ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ❜❛s❡❞✱ ❢r❡q✉❡♥❝② ❞♦✲
♠❛✐♥✱ t✐♠❡✲❢r❡q✉❡♥❝② ❜❛s❡❞✱ ✇❛✈❡❧❡t ❜❛s❡❞✱ ❛♥❞ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ t✐♠❡ ❞♦♠❛✐♥
t❡❝❤♥✐q✉❡s ❤❛✈❡ ❛❧❧ ❜❡❡♥ ❡①♣❧♦r❡❞ t♦ ✈❛r②✐♥❣ ❞❡❣r❡❡s ♦❢ s✉❝❝❡ss ❬✸✻✱ ✸✹✱ ✸✸✱
✸✱ ✸✷❪✳ ❙✐♠✐❧❛r❧②✱ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ ❝❧❛ss✐✜❡rs ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛t❡❞✱ ✐♥❝❧✉❞✐♥❣
t❤r❡s❤♦❧❞✱ r✉❧❡s✲❜❛s❡❞ ❞❡❝✐s✐♦♥s✱ ❧✐♥❡❛r ❝❧❛ss✐✜❡rs✱ ❛rt✐✜❝✐❛❧ ♥❡✉r❛❧ ♥❡t✇♦r❦s✱
s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✱ ♥❡❛r❡st✲♥❡✐❣❤❜♦r✱ q✉❛❞r❛t✐❝ ❛♥❛❧②s✐s✱ ❧♦❣✐st✐❝ r❡✲
❣r❡ss✐♦♥✱ ♥❛✐✈❡ ❇❛②❡s ❝❧❛ss✐✜❡rs✱ ❞❡❝✐s✐♦♥ tr❡❡s✱ ●❛✉ss✐❛♥ ♠✐①t✉r❡ ♠♦❞❡❧s✱
❛♥❞ ❛❞❛♣t✐✈❡ ♥❡✉r♦❢✉③③② ✐♥❢❡r❡♥❝❡ s②st❡♠s ❬✸✻✱ ✸✷✱ ✸✹✱ ✸✸❪✳
▼♦r❡ ❣❡♥❡r✐❝❛❧❧②✱ t❤❡ ❞❡s✐r❡❞ ❣♦❛❧ ✐s t♦ t❛❦❡ ❛ s❡t ♦❢ ✐♥♣✉t s✐❣♥❛❧s ❛♥❞
❣r♦✉♣ t❤❡♠ ✐♥t♦ t✇♦ ❝❧❛ss✐✜❝❛t✐♦♥s✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥s ❛r❡ ❡♣✐❧❡♣✲
t✐❝ ❊❊● ❛♥❞ ♥♦♥✲❡♣✐❧❡♣t✐❝ ❊❊●✳ P❡r❢❡❝t ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ✇✐❧❧ r❡s✉❧t ✐♥
❤✐❣❤❧② s❡♣❛r❛❜❧❡ ❢❡❛t✉r❡s❀ ❡♣✐❧❡♣t✐❝ ❊❊● ❢❡❛t✉r❡s ✇✐❧❧ ❜❡ ✈❡r② ❞✐st✐♥❝t ❢r♦♠
♥♦♥✲❡♣✐❧❡♣t✐❝ ❢❡❛t✉r❡s✳ ❋r♦♠ t❤❡s❡ ❤✐❣❤❧② s❡♣❛r❛❜❧❡ ❢❡❛t✉r❡s✱ ❛ ❜✐♥❛r② ❝❧❛ss✐✲
✻
✜❡r ❝❛♥ t❤❡♥ ❛ss✐❣♥ ❛ ❧❛❜❡❧ t♦ ✉♥❦♥♦✇♥ ❢❡❛t✉r❡s✿ ❡♣✐❧❡♣t✐❝ ♦r ♥♦♥✲❡♣✐❧❡♣t✐❝✳
❚❤✐s ✐s t❤❡ ❢♦✉♥❞❛t✐♦♥ ♦❢ t❤❡ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡ ♦♥s❡t ❞❡t❡❝t♦r✳ ❯♥❢♦rt✉♥❛t❡❧②✱
❡♣✐❧❡♣t✐❝ ❛♥❞ ♥♦♥✲❡♣✐❧❡♣t✐❝ ❊❊● t❡♥❞ t♦ ❜❡ ❧❡ss t❤❛♥ ♣❡r❢❡❝t❧② s❡♣❛r❛❜❧❡✳
❊❊● ❛rt✐❢❛❝ts ❛r❡ ❛ ❝♦♠♠♦♥ s♦✉r❝❡ ♦❢ s❡♣❛r❛❜✐❧✐t② ✐♠♣❛✐r♠❡♥t✳ ❚❤❡s❡ ❛rt✐✲
❢❛❝ts ♠❛② ❡✐t❤❡r ❜❡ ❛ r❡s✉❧t ♦❢ ♣❤②s✐♦❧♦❣✐❝ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s ♠✉s❝❧❡ ♦r ♦❝✉❧❛r
❛rt✐❢❛❝ts✱ ♦r ❛ r❡s✉❧t ♦❢ ❊❊● r❡❝♦r❞✐♥❣ ♣r♦❝❡❞✉r❡s✱ s✉❝❤ ❛s ❡❧❡❝tr♦❞❡ ✐♥t❡r❢❛❝❡
❛rt✐❢❛❝ts ❬✸✺✱ ✶✵✱ ✶✾✱ ✶✻✱ ✸✾❪✳ ❚❤❡s❡ ❛rt✐❢❛❝ts ♠❛② ❝♦♥t❛♠✐♥❛t❡ ♥♦♥✲❡♣✐❧❡♣t✐❝
❊❊● ✇✐t❤ s✐❣♥❛❧s t❤❛t ♠❛② r❡s❡♠❜❧❡ ❡♣✐❧❡♣t✐❝ ❊❊●✳ ❙✐♠✐❧❛r❧②✱ ♠❛♥② ♣❛t✐❡♥ts
✇✐t❤ ❡♣✐❧❡♣s② ✇✐❧❧ ❡①❤✐❜✐t ✐♥t❡r✲✐❝t❛❧ s♣✐❦❡✱ ✇❛✈❡✱ ❛♥❞ s♣✐❦❡✲✇❛✈❡ ❝♦♠♣❧❡① s✐❣✲
♥❛❧s✱ ✇❤✐❝❤ ❛r❡ ❜r✐❡❢ ❊❊● s✐❣♥❛❧s t❤❛t r❡s❡♠❜❧❡ s❡✐③✉r❡ ♦♥s❡t ❊❊● ❜✉t ❛r❡
♥♦t ✐♥❞✐❝❛t✐✈❡ ♦❢ s❡✐③✉r❡ ♦♥s❡t ❬✸✻✱ ✷✽✱ ✷✾❪✳ ❇❡✐♥❣ ❛❜❧❡ t♦ ♣r♦♣❡r❧② ❝❧❛ss✐❢②
❛rt✐❢❛❝ts ❛♥❞ ✐♥t❡r✲✐❝t❛❧ ❊❊● ✐s ❛♥ ✐♠♣♦rt❛♥t ❝❤❛❧❧❡♥❣❡ ❢♦r s❡✐③✉r❡ ❞❡t❡❝t✐♦♥
❛❧❣♦r✐t❤♠s✳
■t ✐s ✉♥❧✐❦❡❧② t❤❛t t❤❡ ❢❡❛t✉r❡s ❡①tr❛❝t❡❞ ❢r♦♠ ❛ ♣❛t✐❡♥t✬s ❡♣✐❧❡♣t✐❝ ❛♥❞
♥♦♥✲❡♣✐❧❡♣t✐❝ ❊❊● ✇✐❧❧ ❜❡ ♣❡r❢❡❝t❧② s❡♣❛r❛❜❧❡✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❝❧❛ss✐✜❡r ✉s❡❞
♠✉st ❜❡ ❛❜❧❡ t♦ t♦❧❡r❛t❡ ♠✐s❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ s♦♠❡ ✇❛②✳ ❆ s✐♥❣❧❡ ♠✐s❝❧❛ss✐✜❡❞
❢❡❛t✉r❡ ❞♦❡s♥✬t ♥❡❝❡ss❛r✐❧② r❡s✉❧t ✐♥ ❛ ❢❛❧s❡ ♣♦s✐t✐✈❡✱ t❤♦✉❣❤❀ ❛ ♣r❛❝t✐❝❛❧ ❞❡✲
❢❡♥s❡ ❛❣❛✐♥st s✉❝❤ ❛ ❢❡❛t✉r❡✱ ✇❤✐❝❤ ♠❛② ❜❡ ❛♥ ✐♥t❡r✲✐❝t❛❧ ♥♦♥✲❡♣✐❧❡♣t✐❝ ❡✈❡♥t✱
✐s t♦ r❡q✉✐r❡ s♦♠❡ q✉♦r✉♠ ♦❢ ♣♦s✐t✐✈❡ ❝❧❛ss✐✜❝❛t✐♦♥s t♦ ❞❡❝❧❛r❡ ❛ s❡✐③✉r❡ ♦♥✲
s❡t✳ ❙✉❝❤ ❛ q✉♦r✉♠✱ ❤♦✇❡✈❡r✱ r❡♣r❡s❡♥ts ❛ tr❛❞❡♦✛ ♦❢ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ❢♦r
✐♠♣r♦✈❡❞ ❞❡t❡❝t♦r s♣❡❝✐✜❝✐t②✱ ❛s ❛❞❞✐t✐♦♥❛❧ t✐♠❡ ♥❡❡❞s t♦ ♣❛ss t♦ ❣❛✐♥ t❤❡
❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡s ✉s❡❞ t♦ ✈♦t❡ ❢♦r ❛ s❡✐③✉r❡ ♦♥s❡t✳
▲❛st❧②✱ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ♠✉st ❜❡ ❛❝❝♦✉♥t❡❞ ❢♦r✳ ❆ ❢❡❛t✉r❡ ❡①✲
tr❛❝t✐♦♥ t❡❝❤♥✐q✉❡ t❤❛t r❡s✉❧ts ✐♥ ♣❡r❢❡❝t❧② s❡♣❛r❛❜❧❡ ❢❡❛t✉r❡s✱ ♦r ❛ ❝❧❛ss✐✜❡r
t❤❛t r❡s✉❧ts ✐♥ ♣❡r❢❡❝t ❝❧❛ss✐✜❝❛t✐♦♥ ♦✛ ♦❢ ❛ ♠✐♥✐♠✉♠ ❛♠♦✉♥t ♦❢ ❞❛t❛✱ ✐s ✉s❡✲
❧❡ss ❛s ❛ ✇❡❛r❛❜❧❡ t❤❡r❛♣② ✐❢ ✐t ✐s t♦♦ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❝♦♠♣❧❡① t♦ ♣❡r❢♦r♠
♦♥ ❡♠❜❡❞❞❡❞ ❤❛r❞✇❛r❡ ✐♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ r❛♥❣❡ ♦❢ ❛ s♠❛rt♣❤♦♥❡✳ ❚❤✐s ✐s
❢✉rt❤❡r ❜♦✉♥❞❡❞ ✐♥ ♦✉r ❝❛s❡ ❜② t❤❡ ♥❡❡❞ ♦❢ t❤❡ s②st❡♠ t♦ ❜❡ ❛❜❧❡ t♦ ♣❡r❢♦r♠
❞❡t❡❝t✐♦♥s ♦♥❧✐♥❡✱ ♠❡❛♥✐♥❣ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ♣❧✉s ❝❧❛ss✐✜❝❛t✐♦♥ ♠✉st
✼
t❛❦❡ ❧❡ss t✐♠❡ t❤❛♥ t❤❡ t✐♠❡ ✐t t❛❦❡s t♦ ❝❛♣t✉r❡ ♥❡✇ ❞❛t❛✱ ❛♥❞ ❜② t❤❡ ♥❡❡❞
♦❢ t❤❡ ♣❧❛t❢♦r♠ t♦ ❜❡ ❛♠❜✉❧❛t♦r②✱ ✇❤✐❝❤ ♣✉ts ❛ ❧✐♠✐t ♦♥ ❤♦✇ ♠✉❝❤ ❡❧❡❝tr✐❝❛❧
♣♦✇❡r ✭❛♥❞✱ ❝♦♥s❡q✉❡♥t✐❛❧❧②✱ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦✇❡r✮ ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞✳ ▲✉❝❦✲
✐❧②✱ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ ❡♠❜❡❞❞❡❞ t❡❝❤♥♦❧♦❣② ❤❛✈❡ s❦②r♦❝❦❡t❡❞ ✐♥ r❡❝❡♥t ②❡❛rs✱
♣❛rt✐❛❧❧② t❤❛♥❦s t♦ t❤❡ s♠❛rt♣❤♦♥❡ ❜♦♦♠✱ ✇❤✐❝❤ ❤❛s ❞r✐✈❡♥ ❛ ❤✉❣❡ ❞❡♠❛♥❞
❢♦r ❢❛st❡r✱ ❧♦✇❡r✲♣♦✇❡r ❡♠❜❡❞❞❡❞ ♣r♦❝❡ss♦rs ❛♥❞ s♠❛❧❧❡r✱ ♠♦r❡ ❡♥❡r❣②✲❞❡♥s❡
❜❛tt❡r② s♦✉r❝❡s✳
❍❡r❡ ✇❡ ❞❡✈❡❧♦♣ ❛♥ ❛♠❜✉❧❛t♦r② r❡❛❧✲t✐♠❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ ❞❡t❡❝t♦r ✉s✲
✐♥❣ ✜❧t❡r❜❛♥❦✲❞❡r✐✈❡❞ ❡♥❡r❣②✲❜❛s❡❞ ❢❡❛t✉r❡s ❛♥❞ ●❛✉ss✐❛♥ r❛❞✐❛❧ ❜❛s✐s ❢✉♥❝✲
t✐♦♥ s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ❝❧❛ss✐✜❡rs✱ ✇❤✐❝❤ ✇❡r❡ s❤♦✇♥ t♦ ❜❡ ❛ ❤✐❣❤❧②
s✉❝❝❡ss❢✉❧ ♠❡t❤♦❞ ♦❢ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ✐♥ ❬✷✾✱ ✷✽❪✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ✐s ❛ ♣❛t✐❡♥t✲
s♣❡❝✐✜❝ ❞❡t❡❝t♦r✳ ❚❤❡ ♣r✐♠❛r② ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ ❞❡t❡❝t♦rs✱ ❛s
♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r✱ ✐s t❤❡ ♣♦t❡♥t✐❛❧ ❞✐✣❝✉❧t② ✐♥ ❝♦❧❧❡❝t✐♥❣ s❡✐③✉r❡ ❊❊● ❢r♦♠ ❛
♣❛t✐❡♥t✳ ❲✐t❤ ♦✉r ❛♠❜✉❧❛t♦r② s♦❧✉t✐♦♥✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ❊❊● r❡❝♦r❞✐♥❣✱ ❝♦❧✲
❧❡❝t✐♥❣ s❡✐③✉r❡ ❊❊● ❢r♦♠ ♣❛t✐❡♥ts ✇✐t❤ r❛r❡ s♣♦♥t❛♥❡♦✉s s❡✐③✉r❡s ❜❡❝♦♠❡s ❛
♠✉❝❤ s✐♠♣❧❡r t❛s❦ t❤❛♥ t❤❡ tr❛❞✐t✐♦♥❛❧ ❡♣✐❧❡♣s② ♠♦♥✐t♦r✐♥❣ ✉♥✐t ❛♣♣r♦❛❝❤✳
❆s ❛ r❡s✉❧t✱ ♦✉r ❞❡t❡❝t✐♦♥ s②st❡♠ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ❡♥❥♦② t❤❡ ♠✉❝❤ ❤✐❣❤❡r ♣❡r✲
❢♦r♠❛♥❝❡ ♦❢ ❛ ♣❛t✐❡♥t✲s♣❡❝✐✜❝ ❞❡t❡❝t♦r✳
✷✳✷ ❙✉♣♣♦rt ❱❡❝t♦r ▼❛❝❤✐♥❡s ❢♦r ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥
❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✱ ♦r ❙❱▼s✱ ❛r❡ ❛ ❝❧❛ss ♦❢ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ❜✐♥❛r②
❝❧❛ss✐✜❝❛t✐♦♥ ❛❧❣♦r✐t❤♠s ♦r✐❣✐♥❛❧❧② ❞❡✈❡❧♦♣❡❞ ❜② ❬✺✱ ✾❪✳ ■♥ t❤❡ ♠♦st ❜❛s✐❝
❢♦r♠✉❧❛t✐♦♥✱ t❤❡ ❙❱▼ ✐s ✉s❡❞ t♦ ✜♥❞ ❛ ♠❛①✐♠❛❧❧② s❡♣❛r❛t✐♥❣ ❧✐♥❡❛r ❞❡❝✐✲
s✐♦♥ ❤②♣❡r♣❧❛♥❡ ❜❡t✇❡❡♥ t✇♦ ❣r♦✉♣s ♦❢ ❞❛t❛✱ s✉❝❤ ❛s ✐♥ t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧
❡①❛♠♣❧❡ ✐♥ ✜❣✉r❡ ✷✳
✽
❋✐❣✉r❡ ✷✿ ❆ ♠❛①✐♠❛❧❧②✲s❡♣❛r❛t✐♥❣ ❤②♣❡r♣❧❛♥❡ ❜❡t✇❡❡♥ t✇♦ ❝❧❛ss❡s ♦❢ ❞❛t❛✳
❚❤❡ ♣♦✐♥ts ♦♥ t❤❡ ❞❛s❤❡❞ ❧✐♥❡s ❛r❡ t❤❡ s✉♣♣♦rt ✈❡❝t♦rs✳ ❈②❝ ✴ ❲✐❦✐♠❡❞✐❛
❈♦♠♠♦♥s ✴ P✉❜❧✐❝ ❉♦♠❛✐♥
✾
✷✳✷✳✶ ❋♦r♠✉❧❛t✐♦♥
❚❤❡ ❙❱▼ ❛s ♦r✐❣✐♥❛❧❧② ❞❡s❝r✐❜❡❞ ✐♥ ❬✺❪ ♣r♦✈✐❞❡❞ ♦♥❧② ❢♦r ❤❛r❞ ♠❛r❣✐♥s❀ ✐t ❞♦❡s
♥♦t ❢✉♥❝t✐♦♥ ♦♥ ❣r♦✉♣s ♦❢ ❞❛t❛ ✇❤❡r❡ ♥♦ ❤②♣❡r♣❧❛♥❡ ❝❛♥ ❝❧❡❛♥❧② s❡♣❛r❛t❡ t✇♦
❣r♦✉♣s ♦❢ ❞❛t❛✳ ■♥ ❬✾❪✱ ❛ s♦❢t ♠❛r❣✐♥ ❙❱▼ ✐s ♣r♦♣♦s❡❞✱ ✇❤✐❝❤ ❛❧❧♦✇s ❢♦r
♠✐s❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t❤❡ tr❛✐♥✐♥❣ s❡t✳ ■♥ t❤✐s ❢♦r♠✱ ♠❛①✐♠✐③❡ ✭✐♥ αi✮✿
L˜(α) =
n∑
i=1
αi −
1
2
∑
i,j
αiαjyiyjk(xi,xj) ✭✶✮
✇✐t❤ 0 ≤ αi ≤ C ❛♥❞
n∑
i=1
αiyi = 0 ✇❤❡r❡ α ❛r❡ ▲❛❣r❛♥❣❡ ♠✉❧t✐♣❧✐❡rs✱ yi
❛r❡ ❧❛❜❡❧s ✐♥ {−1, 1} ❝♦rr❡s♣♦♥❞✐♥❣ t♦ s❡✐③✉r❡ ❛♥❞ ♥♦♥s❡✐③✉r❡ tr❛✐♥✐♥❣ ❞❛t❛
xi✱ ❛♥❞ C ✐s t❤❡ ❝♦st ♣❛r❛♠❡t❡r ♦❢ ♠✐s❝❧❛ss✐✜❝❛t✐♦♥✳ W ✱ ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥
✐♥ ✜❣✉r❡ ✷✱ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡s❡ t❡r♠s✿
w =
∑
i
αiyixi ✭✷✮
✷✳✷✳✷ ❑❡r♥❡❧s
❚❤❡ ♦r✐❣✐♥❛❧ ❙❱▼ ❢♦r♠✉❧❛t✐♦♥ ✐♥ ❬✸✽❪ ✇❛s str✐❝t❧② ❛ ❧✐♥❡❛r ❝❧❛ss✐✜❡r✳ ■♥ ❬✺❪✱
t❤❡ ♠♦❞✐✜❝❛t✐♦♥ ❢♦r ❡✣❝✐❡♥t ♥♦♥❧✐♥❡❛r ❞❡❝✐s✐♦♥ ❜♦✉♥❞❛r✐❡s ✇❛s ✐♥tr♦❞✉❝❡❞
✇✐t❤ ❛ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥✱ s✉❝❤ ❛s t❤❡ ♥♦♥❧✐♥❡❛r ❜♦✉♥❞❛r② ✐♥ ✜❣✉r❡ ✸✳
❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ❦❡r♥❡❧ ✐s t♦ s❡r✈❡ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ ♣r♦❥❡❝t ❛ ❞❛t❛ s❡t
t❤❛t ✐s ♥♦t ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡ ✐♥ ✐ts ❝✉rr❡♥t s♣❛❝❡ ✐♥t♦ ❛ ❤✐❣❤❡r✲❞✐♠❡♥s✐♦♥❛❧
s♣❛❝❡ ✇❤❡r❡ ✐t ✐s ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡✳ ❆ ❝♦♥tr✐✈❡❞ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❝❛♥ ❜❡ s❡❡♥
✐♥ ✜❣✉r❡ ✹✳ ❆ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❞❛t❛ s❡t✱ ✇❤✐❝❤ ✐s ♥♦t ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡ ✐♥ t❤❡
t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♣r♦❜❧❡♠ s♣❛❝❡✱ ❤❛s ❛ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥ ❛♣♣❧✐❡❞ ✇❤✐❝❤ ♣r♦❥❡❝ts
t❤❡ ❞❛t❛ ✐♥t♦ ❛ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❦❡r♥❡❧ s♣❛❝❡✱ ✇❤❡r❡ t❤❡ ❞❛t❛ ✐s ❧✐♥❡❛r❧②
s❡♣❛r❛❜❧❡✳
❲❤✐❧❡ t❤❡r❡ ❛r❡ ❛ ✈❛r✐❡t② ♦❢ ❦❡r♥❡❧s✱ s✉❝❤ ❛s ❛ ♣♦❧②♥♦♠✐❛❧ ❦❡r♥❡❧ ♦r ❤②✲
♣❡r❜♦❧✐❝ t❛♥❣❡♥t ❦❡r♥❡❧✱ t❤❡ ❦❡r♥❡❧ s✉❝❝❡ss❢✉❧❧② ✉s❡❞ ❢♦r s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ✐s
✶✵
❋✐❣✉r❡ ✸✿ ❑❡r♥❡❧ tr✐❝❦ ♣❤✐ ❛❧❧♦✇s ❢♦r ❛ ♥♦♥❧✐♥❡❛r ❞❡❝✐s✐♦♥ ❜♦✉♥❞❛r②✳ ❆❧✐s♥❡❛❦②
✴ ❲✐❦✐♠❡❞✐❛ ❈♦♠♠♦♥s ✴ P✉❜❧✐❝ ❉♦♠❛✐♥
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✹✿ ❆ ❜✐♥❛r② ❞❛t❛s❡t ✐♥ ✭❛✮ ✐s tr❛♥s❢♦r♠❡❞ ❢r♦♠ ❧✐♥❡❛r❧② ✐♥s❡♣❛r❛❜❧❡
✐♥ t❤❡ ♣r♦❜❧❡♠ s♣❛❝❡ t♦ ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡ ✐♥ t❤❡ ❦❡r♥❡❧ s♣❛❝❡ ✐♥ ✭❜✮✳ ❙t♦♠✲
♣❈❤✐❝❦❡♥ ✴ ❙t❛❝❦❊①❝❤❛♥❣❡ ✴ ❝❝ ❜②✲s❛
✶✶
t❤❡ ❝♦♠♠♦♥ ●❛✉ss✐❛♥ r❛❞✐❛❧ ❜❛s✐s ❢✉♥❝t✐♦♥ ❦❡r♥❡❧ ❬✷✾✱ ✷✽❪✿
k(xi,xj) = exp(−γ‖xi − xj‖
2) ✭✸✮
✇❤❡r❡ γ ✐s t❤❡ ❦❡r♥❡❧ ♣❛r❛♠❡t❡r✱ ✇❤❡r❡ xi ❛♥❞xj ❛r❡ t❤❡ ✐♥♣✉t ✈❡❝t♦rs✳ ❚❤✐s
❦❡r♥❡❧✱ ✇❤❡♥ ♣❧✉❣❣❡❞ ✐♥t♦ ✭✶✮✱ ❣✐✈❡s t❤❡ ❢♦r♠✉❧❛t✐♦♥ ❢♦r ❛ ●❛✉ss✐❛♥ r❛❞✐❛❧
❜❛s✐s ❢✉♥❝t✐♦♥ s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ❧✐❦❡ t❤❡ ♦♥❡ ✉s❡❞ ✐♥ t❤✐s ❞❡t❡❝t♦r✳
❋✐♥❛❧❧②✱ ❣✐✈❡♥ s♦♠❡ tr❛✐♥❡❞ ❙❱▼ ❝❧❛ss✐✜❡r✱ ❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❝❛♥ ❜❡ ❞❡✲
s❝r✐❜❡❞ ❛s✿
f(p) = sign(
n∑
i=1
yiαik(p,xi)) ✭✹✮
❲❤❡r❡ p ✐s t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦r ❜❡✐♥❣ ❝❧❛ss✐✜❡❞✱ x ✐s t❤❡ ♠❛tr✐① ♦❢ tr❛✐♥✲
✐♥❣ ✈❡❝t♦rs✱ y ✐s t❤❡ ✈❡❝t♦r ♦❢ tr❛✐♥✐♥❣ ✈❡❝t♦r ❧❛❜❡❧s✱ ❛♥❞ α ✐s t❤❡ ▲❛❣r❛♥❣❡
♠✉❧t✐♣❧✐❡r✳
✷✳✷✳✸ ❖♣t✐♠✐③❛t✐♦♥
❚❤❡ ✐♠♣♦rt❛♥t ❞❡t❛✐❧ ✐♥ ❛❧❧ t❤✐s ♠❛t❤ ✐s t❤❛t t❤❡r❡ ❛r❡ t✇♦ s❡ts ♦❢ ♦♣t✐✲
♠✐③❛t✐♦♥s t❤❛t ♠✉st ❜❡ ♣❡r❢♦r♠❡❞✿ t❤❡ q✉❛❞r❛t✐❝ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❙❱▼✱
✇❤✐❝❤ ❞❡t❡r♠✐♥❡s ✇❤✐❝❤ ❢❡❛t✉r❡s ❛r❡ s✉♣♣♦rt ✈❡❝t♦rs✱ ❛♥❞ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢
❣❛♠♠❛ ❛♥❞ ❈✱ ✇❤✐❝❤ ✇✐❧❧ t✉♥❡ t❤❡ ❞❡t❡❝t♦r✬s ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ q✉❛❞r❛t✐❝ ♦♣✲
t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐s ❤❡✉r✐st✐❝❛❧❧② s♦❧✈❡❞ ❜② ▲■❇❙❱▼ ❬✻❪✱ ❜✉t t❤❡ ♦♣t✐♠✐③❛✲
t✐♦♥ ♦❢ ❣❛♠♠❛ ❛♥❞ ❈ ✐s ♥♦t✳ ❆❞❥✉st♠❡♥ts t♦ ❣❛♠♠❛ ❛♥❞ ❈ ✇✐❧❧ ✐♠♣❛❝t t❤❡
❞❡t❡❝t♦r✬s s❡♥s✐t✐✈✐t②✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ s❡✐③✉r❡s ❝♦rr❡❝t❧②
✐❞❡♥t✐✜❡❞✱ ❛♥❞ s♣❡❝✐✜❝✐t②✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡s t♦ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡✳ ❚❤❡r❡ ✐s
♥♦ ♦♥❡✲s✐③❡✲✜ts✲❛❧❧ ♦♣t✐♠✐③❛t✐♦♥ t❤❛t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡s❡ ♣❛r❛♠❡t❡rs✱ ❛s
❛♥ ✐♥❝r❡❛s❡ ✐♥ s❡♥s✐t✐✈✐t② ❝❛♥ r❡s✉❧t ✐♥ ❛ ❞❡❝r❡❛s❡ ✐♥ s♣❡❝✐✜❝✐t②✳ ■♥ s♦♠❡ ❝❛s❡s✱
♠❛①✐♠✉♠ s❡♥s✐t✐✈✐t② ✇✐t❤ ❧✐tt❧❡ r❡❣❛r❞ ❢♦r s♣❡❝✐✜❝✐t② ♠❛② ❜❡ ❛ ❞❡s✐r❡❞ ♦✉t✲
❝♦♠❡❀ ✐♥ ♦t❤❡r ❝❛s❡s✱ ❛ ♠♦r❡ ❜❛❧❛♥❝❡❞ ❛♣♣r♦❛❝❤ ♠❛② ❜❡ ❞❡s✐r❛❜❧❡✳ ❆s ❛ r❡s✉❧t✱
✶✷
✭❛✮ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ✐♥ s❡❝♦♥❞s
❢r♦♠ s❡✐③✉r❡ ♦♥s❡t✳
✭❜✮ ❚♦t❛❧ ❢❛❧s❡ ♣♦s✐t✐✈❡ ❞❡t❡❝t✐♦♥s✳
❋✐❣✉r❡ ✺✿ γ ✈s C❀ ❤❡❛t♠❛♣s ♦❢ ❧❛t❡♥❝② ❛♥❞ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡✳ ◆❡✐❣❤❜♦r✲
✐♥❣ γ✱ C ❝♦♠❜✐♥❛t✐♦♥s t❡♥❞ t♦ ❤❛✈❡ s✐♠✐❧❛r ♣❡r❢♦r♠❛♥❝❡ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❆
❜❡st✲❝❛s❡γ✱ C ✐s ❛s ❧♦✇ ❛s ♣♦ss✐❜❧❡ ✭❞❛r❦ ❜❧✉❡✮ ♦♥ ❡❛❝❤ ♠❛♣✳
s♦♠❡ ✜t♥❡ss ❢✉♥❝t✐♦♥ f(γ, C) ❞♦❡s ♥♦t ❡①✐st ❛♥❞ ❝❛♥♥♦t ❜❡ ♠✐♥✐♠✐③❡❞✳ ■♥ ♦r✲
❞❡r t♦ ❢❛❝✐❧✐t❛t❡ ♣❛r❛♠❡t❡r s❡❧❡❝t✐♦♥✱ t❤❡♥✱ ❛♥ ♦♣❡r❛t♦r ✐s ♥❡❡❞❡❞ ❛t tr❛✐♥✐♥❣
t✐♠❡✳ ❆ ❣r✐❞ s❡❛r❝❤ ♦❢ C ∈ {2−5, 2−4, ..., 214, 215} γ ∈ {2−15, 2−14, ..., 22, 23}✱
❛s r❡❝♦♠♠❡♥❞❡❞ ✐♥ ❬✷✶❪✱ ✐s ✉s❡❞ t♦ ❢❛❝✐❧✐t❛t❡ t❤✐s ♣r♦❝❡ss✳ ■♥ ✜❣✉r❡s ✺❛ ❛♥❞ ✺❜✱
❤❡❛t♠❛♣ ✈✐s✉❛❧✐③❛t✐♦♥s ♦❢ t❤✐s ♣r♦❝❡ss ❝❛♥ ❜❡ s❡❡♥✳ ❋♦r ❡❛❝❤ ♣❛✐r ♦❢ {C, γ}✱
❛♥ ❙❱▼ ✐s tr❛✐♥❡❞ ❛♥❞ ❝r♦ss✲✈❛❧✐❞❛t❡❞❀ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ♣r♦❝❡ss ❛r❡ st♦r❡❞
✐♥ ❛ ♠❛tr✐①✳ ❚❤❡s❡ r❡s✉❧ts ❝❛♥ t❤❡♥ ❜❡ ✉s❡❞ t♦ s❡❧❡❝t ♣❛r❛♠❡t❡rs ♦r ✈✐s✉❛❧✐③❡
❞❡t❡❝t♦r ♣❡r❢♦r♠❛♥❝❡ ❛❝r♦ss ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥s✳
✷✳✷✳✹ ❋❡❛t✉r❡s
❚❤❡ ❢❡❛t✉r❡s ✉s❡❞ ✐♥ t❤❡ ●❛✉ss✐❛♥ ❘❇❋ ❙❱▼ ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ ❧♦❣✲s✉♠✲
❛❜s♦❧✉t❡ ❡♥❡r❣✐❡s ♦❢ ❢r❡q✉❡♥❝② ❜✐♥s ♦❢ t❤❡ s♦✉r❝❡ ❊❊●✳ ❚❤❡ ✐♥♣✉t ❞❛t❛ ✐♥
t❤✐s ❝❛s❡ ✐s xm,n✱ ❛ ♠❛tr✐① ✇❤❡r❡ t❤❡ m ❞✐♠❡♥s✐♦♥ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❊❊●
❝❤❛♥♥❡❧s ✉s❡❞ ❛♥❞ t❤❡ n ❞✐♠❡♥s✐♦♥ ✐s t❤❡ ♥✉♠❜❡r ♦❢ s❛♠♣❧❡s ✐♥ t❤❡ ❢❡❛t✉r❡✳
❋✐rst✱ xm,n ✐s ❞❡❝✐♠❛t❡❞ ✐♥t♦ x
′
m,n✳ ❚❤❡♥✱ x
′
m,n ✐s ♣❛ss❡❞ t❤r♦✉❣❤ ❛ ✜❧t❡r
❜❛♥❦✱ ✇❤❡r❡ ✐t ✐s ❞✐✈✐❞❡❞ ✐♥t♦ s♦♠❡ ♥✉♠❜❡r ♦❢ ❢r❡q✉❡♥❝② ❜✐♥s✱ x′m,n,o✱ ✇❤✐❝❤
✐s ❛ ♠❛tr✐① ♦❢ ❞✐♠❡♥s✐♦♥s {channels, samples, bins}✳ ❚❤❡ ❢❡❛t✉r❡ ♠❛tr✐① ✐s
✶✸
❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤✐s ❛s✿
ym,n = ln(
∑
n
‖xm,n,o‖) ✭✺✮
❈♦♥❝❛t❡♥❛t✐♥❣ t❤❡ ❝♦❧✉♠♥s ✐♥ t❤✐s ❢❡❛t✉r❡ ♠❛tr✐① ✐♥t♦ ❛ ✈❡❝t♦r ♣r♦❞✉❝❡s
t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦r✱ Yp✱ ✇❤❡r❡ t❤❡ ♣ ❞✐♠❡♥s✐♦♥ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❢❡❛t✉r❡s
✭✇❤❡r❡ t❤❡ ♥✉♠❜❡r ♦❢ ❢❡❛t✉r❡s ✐s channels ∗ bins✮✳ ■♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡
❙❱▼ ❢♦r♠✉❧❛t✐♦♥ ✐♥ ✭✶✮✿
xi ∈ {Yp, Yp+1, Yp+2, ...} ✭✻✮
❆❞❞✐t✐♦♥❛❧❧②✱ ❜❡❢♦r❡ t❤❡s❡ ❢❡❛t✉r❡s s❤♦✉❧❞ ❜❡ ✉s❡❞ ❜② t❤❡ ❙❱▼ ❝❧❛ss✐✜❡r✱ t❤❡②
s❤♦✉❧❞ ❜❡ s❝❛❧❡❞✳ ❲❤✐❧❡ ✐t ✐s ♥♦t ❢r❡q✉❡♥t❧② ❞✐s❝✉ss❡❞ ✐♥ t❤❡♦r❡t✐❝❛❧ ❧✐t❡r❛t✉r❡
s✉rr♦✉♥❞✐♥❣ t❤❡ ❙❱▼✱ s❝❛❧✐♥❣ ✐s ✈❡r② ✐♠♣♦rt❛♥t ✐♥ ♣r❛❝t✐❝❡❀ ✉♥✲s❝❛❧❡❞ ❢❡❛t✉r❡
✈❡❝t♦rs ♠❛② r❡s✉❧t ✐♥ ❙❱▼s ✇❤❡r❡ s✉❜s❡ts ♦❢ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦r ❞♦♠✐♥❛t❡ t❤❡
s♦❧✉t✐♦♥ ♦♥❧② ❢♦r ♥✉♠❡r✐❝❛❧ r❡❛s♦♥s✳ ■♥ ♦r❞❡r t♦ s❝❛❧❡ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦rs✿
M¯ = {max(xi,1),max(xi,2), ...,max(xi,p)} ✭✼✮
m¯ = {min(xi,1),min(xi,2), ...,min(xi,p)} ✭✽✮
Yp =
Yp − m¯
M¯ − m¯
✭✾✮
❲❤✐❝❤ ✇✐❧❧ s❝❛❧❡ t❤❡ ✈❛❧✉❡s ✐♥ Yp t♦ t❤❡ r❛♥❣❡ [0..1]✳
✷✳✷✳✺ ❈♦♠♣✉t❛t✐♦♥❛❧ ❈♦♠♣❧❡①✐t②
❚✇♦ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❛❜♦✈❡ ♠❛t❤ ❛r❡ ✐♥t❡r❡st✐♥❣ ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧
❝♦♠♣❧❡①✐t② ♦❢ r❡❛❧✲t✐♠❡ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥✿ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡❝✐s✐♦♥s ❛♥❞ ❢❡❛t✉r❡
❡①tr❛❝t✐♦♥✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ♦❢ ❙❱▼ tr❛✐♥✐♥❣ ✐s ❛♥ ✐♥t❡r❡st✐♥❣
✶✹
s✉❜❥❡❝t t❤♦r♦✉❣❤❧② ❡①♣❧♦r❡❞ ❡❧s❡✇❤❡r❡✱ ❜✉t ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♦♥❧✐♥❡ s❡✐③✉r❡
❝❧❛ss✐✜❝❛t✐♦♥ ✐t ✐s ♥♦t ♣❛rt✐❝✉❧❛r❧② r❡❧❡✈❛♥t ❜❡❝❛✉s❡ tr❛✐♥✐♥❣ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞
♦✤✐♥❡✱ ✇✐t❤ st♦r❡❞ tr❛✐♥✐♥❣ r❡s✉❧ts ❧♦❛❞❡❞ ❛t r✉♥t✐♠❡ ❜② t❤❡ ❝❧❛ss✐✜❡r✳
❚❤❡ ❙❱▼ ❝❧❛ss✐✜❝❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❛ s✉♠ ♦❢ ♣r♦❞✉❝ts ♦❢ ✈❡❝t♦rs✱ ✇❤❡r❡
♦♥❡ ♦❢ t❤❡ ✈❡❝t♦rs ✐s t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥✳ ❚❤❡ ❦❡r♥❡❧ ❢✉♥❝t✐♦♥ ✐s
❛♥ ❡①♣♦♥❡♥t✐❛t✐♦♥ ♦❢ ❛ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ♦❢ ❛ ❝♦♥st❛♥t ❛♥❞ ❛ sq✉❛r❡❞ s✉♠✳ ❚❤❡
❙❱▼ ❝❧❛ss✐✜❝❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❧✐♥❡❛r ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♥✉♠❜❡r ♦❢ s✉♣♣♦rt
✈❡❝t♦rs✱ ❛♥❞ ✐t ✐s ❧✐♥❡❛r ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦rs✳
❚❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❝♦♥s✐sts ♦❢ s❡✈❡r❛❧ ❋❋❚s ❛♥❞ ✈❡❝t♦r ♠✉❧t✐♣❧✐❝❛t✐♦♥s✳
❆s ❛ r❡s✉❧t✱ ✐t ✐s q✉❛s✐❧✐♥❡❛r ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❊❊● ❝❤❛♥♥❡❧s ♦r
s❛♠♣❧❡s✱ ❜❡❝❛✉s❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❡✐t❤❡r ♦❢ t❤❡s❡ r❡s✉❧ts ✐♥ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡
❧❡♥❣t❤ ♦❢ t❤❡ ❋❋❚s ♣❡r❢♦r♠❡❞✱ ❛♥❞ ❋❋❚s ❛r❡ O(n log n)✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡
♥✉♠❜❡r ♦❢ ❜✐♥s r❡s✉❧ts ✐♥ ❛ ❧✐♥❡❛r ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❋❋❚s ♣❡r❢♦r♠❡❞✱
❜✉t ❞♦❡s ♥♦t ❝❤❛♥❣❡ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❋❋❚s t❤❡♠s❡❧✈❡s✱ s♦ ✐t ✐s ❧✐♥❡❛r✳
❚❤❡ s✉♣♣♦rt ✈❡❝t♦rs ❛r❡ t❤❡ ❞♦♠✐♥❛♥t ❢❛❝t♦r ✐♥ t❡r♠s ♦❢ t❤❡ ❛♠♦✉♥t ♦❢
❞❛t❛ t❤❛t ♠✉st ❜❡ st♦r❡❞ ✐♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ ❝❧❛ss✐✜❝❛t✐♦♥s✳ ■t ✐s ❞✐✣❝✉❧t t♦
❡st✐♠❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ s✉♣♣♦rt ✈❡❝t♦rs ♥❡❡❞❡❞ ❢♦r ❝❧❛ss✐✜❝❛t✐♦♥ ❞✉❡ t♦ t❤❡
♥❛t✉r❡ ♦❢ t❤❡ ❙❱▼ ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠❀ ❤♦✇❡✈❡r✱ ✐t ✐s s❛❢❡ t♦ ❛ss✉♠❡ ❛s
♠❛♥② ❛s ❛ ❢❡✇ t❤♦✉s❛♥❞ ♠❛② ❜❡ ✉s❡❞✳ ❲❤✐❧❡ t❤✐s ❞✐❞ ♥♦t ♣r♦✈❡ ♣r♦❜❧❡♠✲
❛t✐❝ ✐♥ ♦✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ t❤❡r❡ ✐s ♦♥❣♦✐♥❣ ✇♦r❦ ✐♥ ❙❱▼ ❞❛t❛ r❡❞✉❝t✐♦♥
❛♥❞ ❛♣♣r♦①✐♠❛t✐♦♥✱ ✇❤✐❝❤ ❝❛♥ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ s✉♣♣♦rt ✈❡❝t♦rs ♥❡❡❞❡❞
s✐❣♥✐✜❝❛♥t❧②✱ ❛❧t❤♦✉❣❤ ✇✐t❤ s♦♠❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ❤✐t ❬✷✸✱ ✷✺❪✳ ■♥
❛❞❞✐t✐♦♥ t♦ t❤❡ s✉♣♣♦rt ✈❡❝t♦rs t❤❡♠s❡❧✈❡s✱ t❤❡ s❝❛❧✐♥❣ ✈❡❝t♦rs M¯ ❛♥❞ m¯
♠✉st ❛❧s♦ ❜❡ st♦r❡❞✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❝♦♥st❛♥t γ✳
✶✺
✸ ❙♦❢t✇❛r❡
■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s ❛ s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ✭❙❱▼✮ ❝❧❛ss✐✜❡r✱ ✇❤✐❝❤
✐s ❛ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ❜✐♥❛r② ❝❧❛ss✐✜❝❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ❖✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥
✐s ❜❛s❡❞ ♦♥ ❬✷✾✱ ✷✽❪✳ ■♥ t❤✐s ❛❧❣♦r✐t❤♠✱ t❤❡ ❊❊● ❞❛t❛ ✐s ♣r♦❝❡ss❡❞ ✐♥t♦
❢r❡q✉❡♥❝② ❜✐♥♥❡❞ ❧♦❣✲s✉♠✲❛❜s♦❧✉t❡ ❡♥❡r❣✐❡s✳ ❙❡✐③✉r❡ ❛♥❞ ♥♦♥s❡✐③✉r❡ ❞❛t❛
✐♥ t❤✐s ❢❡❛t✉r❡ s♣❛❝❡ ❛r❡ ♥♦t ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡❀ t❤❡ ❢❡❛t✉r❡ s♣❛❝❡ ❤❛s ♥♦
❧✐♥❡❛r ❜♦✉♥❞❛r② ❜❡t✇❡❡♥ s❡✐③✉r❡ ❛♥❞ ♥♦♥s❡✐③✉r❡ ❢❡❛t✉r❡s✳ ❚❤❡ tr❛❞✐t✐♦♥❛❧
s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡ ❢♦r♠✉❧❛t✐♦♥ ❛ss✉♠❡s ❛ ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡ ♣r♦❜❧❡♠
s❡t✱ ❜✉t t❤r♦✉❣❤ t❤❡ ✉s❡ ♦❢ ❛ ❦❡r♥❡❧ tr✐❝❦ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦rs ♠❛② ❜❡ ♣r♦❥❡❝t❡❞
✐♥t♦ ❛ ❤✐❣❤❡r✲❞✐♠❡♥s✐♦♥❛❧ s♣❛❝❡ ✐♥ ✇❤✐❝❤ t❤❡② ❛r❡ ❧✐♥❡❛r❧② s❡♣❛r❛❜❧❡✳ ❚❤✐s
❤✐❣❤❡r✲❞✐♠❡♥s✐♦♥❛❧ ❧✐♥❡❛r s❡♣❛r❛t✐♦♥ ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛ ♥♦♥❧✐♥❡❛r s❡♣❛r❛t✐♦♥
✐♥ t❤❡ ♦r✐❣✐♥❛❧ ❢❡❛t✉r❡ s♣❛❝❡✳ ■♥ t❤✐s ❛♣♣❧✐❝❛t✐♦♥✱ ❛ ●❛✉ss✐❛♥ ❘❛❞✐❛❧ ❇❛s✐s
❋✉♥❝t✐♦♥ ❦❡r♥❡❧ ❤❛s ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ❡✛❡❝t✐✈❡ ❬✷✾✱ ✷✽❪✳ ❚❤❡ ❢❡❛t✉r❡s ✉s❡❞
❤❡r❡ ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ t❤r❡❡ ❤❡rt③✲✇✐❞❡ ❡♥❡r❣② ❜✐♥s✳ ❊❛❝❤ s✐❣♥❛❧ ✐♥ t❤❡
❞❛t❛ s❡t ✐s ✜❧t❡r❡❞ ✐♥t♦ ❡✐❣❤t ❢r❡q✉❡♥❝② ❜✐♥s✳ ❚❤❡ ❡♥❡r❣② ✐♥ ❡❛❝❤ ♦❢ t❤❡s❡ ❜✐♥s
✐s ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❝♦♥❝❛t❡♥❛t❡❞ ✐♥t♦ ❛ ✈❡❝t♦r✳ ❚❤❡ r❡s✉❧t✐♥❣ ❢❡❛t✉r❡ ✈❡❝t♦r ❤❛s
✭♥✉♠❜❡r ♦❢ s✐❣♥❛❧s✮ ✯ ✭♥✉♠❜❡r ♦❢ ❢r❡q✉❡♥❝② ❜✐♥s✮✳ ❊❊● ♣❛t✐❡♥ts ✇✐❧❧ t②♣✐❝❛❧❧②
❤❛✈❡ ❛r♦✉♥❞ ✷✵ s✐❣♥❛❧s ✇✐t❤ ✽ ❢r❡q✉❡♥❝② ❜✐♥s✱ ❢♦r ❛r♦✉♥❞ ✶✻✵ ❢❡❛t✉r❡s✳ ❚❤✐s
♥✉♠❜❡r ✇✐❧❧ ✈❛r② ❢r♦♠ ♣❛t✐❡♥t t♦ ♣❛t✐❡♥t ❜❡❝❛✉s❡ ✐t ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❊❊●
❝♦♥✜❣✉r❛t✐♦♥✳
❚❤❡ ❛❧❣♦r✐t❤♠ ✐s ❡✈❛❧✉❛t❡❞ ✇✐t❤ t❤❡ ❈❍❇✲▼■❚ ❞❛t❛ s❡t ❬✶✺❪✱ ✇❤✐❝❤ ✇❛s
❛❧s♦ ✉s❡❞ ✐♥ ❬✷✾✱ ✷✽❪✳ ❚❤✐s ♠❛❦❡s ✐t ❡❛s✐❡r t♦ ❜❡♥❝❤♠❛r❦ ♦✉r ❛❧❣♦r✐t❤♠✬s
♣❡r❢♦r♠❛♥❝❡ ❛❣❛✐♥st ❛ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s t❤❡♥ ❡✈❛❧✲
✉❛t❡❞ ❛❣❛✐♥st t❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ❬✷✷❪✳
✶✻
✸✳✶ ❋❡❛t✉r❡ ❊①tr❛❝t✐♦♥
❚❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ st❛❣❡ ✇❛s ❞❡✈❡❧♦♣❡❞ ❛s ❛ st❛♥❞❛❧♦♥❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥
❈✰✰ ✇✐t❤ t❤❡ ✐♥t❡♥t t❤❛t t❤❡ r❡s✉❧t✐♥❣ ❢❡❛t✉r❡ ❞❛t❛ ❝♦✉❧❞ ❜❡ ♣r♦❝❡ss❡❞ ✐♥ ❛
✈❛r✐❡t② ♦❢ ✇❛②s✳ ❈✉rr❡♥t❧②✱ t❤✐s ❢❡❛t✉r❡ ❞❛t❛ ♠❛② ❜❡ ❢❡❞ ✐♥t♦✿ t❤❡ tr❛✐♥✐♥❣ ❛♥❞
❝r♦ss✲✈❛❧✐❞❛t✐♦♥ s♦❢t✇❛r❡✱ t❤❡ ❡♠❜❡❞❞❡❞ ❞❡t❡❝t✐♦♥ s♦❢t✇❛r❡✱ ❛♥❞ ▼❆❚▲❆❇
t❤r♦✉❣❤ ❛ ❝✉st♦♠ ♣❧✉❣✐♥✳ ❈✰✰ ✇❛s t❤❡ ❧❛♥❣✉❛❣❡ ♦❢ ❝❤♦✐❝❡ ❢♦r ❛❧♠♦st ❛❧❧
♦❢ t❤❡ s♦❢t✇❛r❡ ✐♥ t❤✐s t❤❡s✐s ❜❡❝❛✉s❡ ♠♦st ♦❢ t❤❡ s♦❢t✇❛r❡ ♥❡❡❞s t♦ ❜❡ ❛❜❧❡
t♦ r✉♥ ✐♥ ❛♥ ❡♠❜❡❞❞❡❞ s②st❡♠✳ ■♥ s✉❝❤ ❛♥ ❡♥✈✐r♦♥♠❡♥t✱ s♦♠❡t❤✐♥❣ ❧✐❦❡ t❤❡
❏❛✈❛ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ♦r ❛♥ ♦♣❡r❛t✐♥❣ s②st❡♠ r❡♣r❡s❡♥ts ❛ ❤✉❣❡ ♦✈❡r❤❡❛❞ ✐♥
❜♦t❤ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s ❛♥❞ ♣♦✇❡r✳ ❖✉r ❈✰✰ s♦❢t✇❛r❡ ❝❛♥ ♠✉❝❤ ♠♦r❡
❡❛s✐❧② ❜❡ ❝♦♠♣✐❧❡❞ ❢♦r ❜❛r❡✲♠❡t❛❧ ♦♣❡r❛t✐♦♥✱ ✇❤✐❝❤ ✇✐❧❧ ❤❡❧♣ ♣r♦❞✉❝❡ ❛ ♠♦r❡
❡♠❜❡❞❞❡❞ s②st❡♠ t❤❛♥ ♠❛② ♦t❤❡r✇✐s❡ ❜❡ ♣♦ss✐❜❧❡✳
❋❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ✐s ❛ ♠❛♥②✲❧❛②❡r❡❞ ♣r♦❝❡ss✳ ❆t t❤❡ ♦✉t❡r♠♦st ❧❛②❡r✱ ❛
s❡t ♦❢ ❊❉❋ ✭❊✉r♦♣❡❛♥ ❉❛t❛ ❋♦r♠❛t ✲ t❤❡ st❛♥❞❛r❞ ❢♦r st♦r✐♥❣ ❊❊● ❞❛t❛✮
✜❧❡s ❛r❡ ♣r♦❝❡ss❡❞✳ ❋♦r ❡❛❝❤ ❊❉❋ ✜❧❡✱ t❤❡ s✐❣♥❛❧s ❛r❡ ✇✐♥❞♦✇❡❞✳ ❋♦r ❡❛❝❤
✇✐♥❞♦✇✱ s✐❣♥❛❧ ❞❛t❛ ✐s ♣r♦❝❡ss❡❞✳ ❋♦r ❡❛❝❤ s✐❣♥❛❧ ❝❤✉♥❦✱ ❛ s❡t ♦❢ ❢❡❛t✉r❡s ❛r❡
❣❡♥❡r❛t❡❞ ❛♥❞ s❛✈❡❞✳
✸✳✶✳✶ P❛t✐❡♥t ❉❛t❛ Pr♦❝❡ss✐♥❣
❚❤❡ ✐♥♣✉t ❞❛t❛ s❡t ❢♦r ❛ ❣✐✈❡♥ ♣❛t✐❡♥t ❝♦♥s✐sts ♦❢ ❛ ❣r♦✉♣ ♦❢ ❊❉❋ ♦r ❊❉❋✰
✜❧❡s✳ ❚❤❡s❡ ✜❧❡s t❡♥❞ t♦ ✐♥❞✐✈✐❞✉❛❧❧② ❝♦♥t❛✐♥ ❛r♦✉♥❞ ❛♥ ❤♦✉r ♦❢ r❡❝♦r❞❡❞ ❊❊●
❞❛t❛✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛ ♠❡t❛❞❛t❛ ✜❧❡ ✇✐❧❧ ❝♦♥t❛✐♥ ❛♥♥♦t❛t✐♦♥s ❛❜♦✉t ✜❧❡ st❛rt
❛♥❞ ❡♥❞ t✐♠❡s✱ s❡✐③✉r❡ st❛rt ❛♥❞ ❡♥❞ t✐♠❡s✱ ❛♥❞ ❊❊● ❝❤❛♥♥❡❧ ❝♦♥✜❣✉r❛t✐♦♥s✳
❚❤❡ ✜rst ❧❛②❡r ♦❢ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♣♣❧✐❝❛t✐♦♥ st❛rts ✇✐t❤ t❤✐s ♠❡t❛❞❛t❛
✜❧❡✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ r❡❛❞s t❤✐s ✜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♥❛♠❡s ♦❢ t❤❡ ✐♥♣✉t ✜❧❡s
t♦ ✉s❡✱ ❛s ✇❡❧❧ ❛s ❛♥② s❡✐③✉r❡ ♦❝❝✉rr❡♥❝❡s ✇✐t❤✐♥ t❤♦s❡ ✜❧❡s✳ ❚❤❡ ♣r♦❣r❛♠
♦♣❡♥s ❛♥ ❊❉❋ ✜❧❡ ❛♥❞ ♣❛ss❡s t❤❛t ✜❧❡ ❛♥❞ s❡✐③✉r❡ t✐♠❡st❛♠♣s ♦♥ t♦ t❤❡ ♥❡①t
st❛❣❡✳
✶✼
❋✐❣✉r❡ ✻✿ ❊①❛♠♣❧❡ ♦❢ ✇✐♥❞♦✇✐♥❣ ❊❊● ❞❛t❛ ❢♦r ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✳ ❉❛t❛
s❡❣♠❡♥t ❢r♦♠ ❈❍❇▼■❚ ❉❛t❛❜❛s❡❬✶✺❪
✸✳✶✳✷ ■♥❞✐✈✐❞✉❛❧ ❊❉❋ Pr♦❝❡ss✐♥❣
❚❤❡ ❊❉❋ ✜❧❡ ❢r♦♠ t❤❡ ✜rst st❛❣❡ ✐s ♦♣❡♥❡❞ ❛♥❞ ❞❛t❛ ♣❛rs✐♥❣ ❜❡❣✐♥s✳ ❚❤❡
♥✉♠❜❡r ♦❢ s❛♠♣❧❡s ✐s r❡❛❞✱ ❛s ✇❡❧❧ ❛s t❤❡ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧s✳ ❉❛t❛ str✉❝✲
t✉r❡s ❛r❡ ❝r❡❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡s❡ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ♠❛tr✐① ♦❢ ❢❡❛t✉r❡ ✈❡❝t♦rs
❢♦r t❤✐s ✜❧❡ ✐s ❛❧❧♦❝❛t❡❞ ❛s ❛ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❛rr❛②✱ ✇❤♦s❡ ❞✐♠❡♥s✐♦♥s ❛r❡
④✭t♦t❛❧ ♥✉♠❜❡r ♦❢ ✇✐♥❞♦✇s t♦ ♣❛rs❡ ✜❧❡✮✱✭s✐❣♥❛❧ ♥✉♠❜❡r✮✱✭❢r❡q✉❡♥❝② ❜✐♥✮⑥✳
❚❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t♦r st❛❣❡ ✐s t❤❡♥ ♣r❡♣❛r❡❞ ✇✐t❤ s♦♠❡ ♠❡t❛❞❛t❛ ❛♥❞ ❝♦♥✲
✜❣✉r❛t✐♦♥ ♣❛r❛♠❡t❡rs✱ s✉❝❤ ❛s s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❞❛t❛ ❛♥❞ ✇✐♥❞♦✇
❧❡♥❣t❤✳ ◆♦✇✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❜❡❣✐♥s s❧✐❞✐♥❣ t❤❡ ✇✐♥❞♦✇ ♦✈❡r t❤❡ ❊❉❋ ✜❧❡✳
❚❤✐s ❣❡♥❡r❛t❡s ❜❧♦❝❦s ♦❢ s✐❣♥❛❧s t❤❛t ❛r❡ t✇♦ s❡❝♦♥❞s ❧♦♥❣✱ ✇✐t❤ ♦♥❡ s❡❝♦♥❞
♦❢ ♦✈❡r❧❛♣ ❜❡t✇❡❡♥ ❜❧♦❝❦s✳ ❚❤✐s ✇✐♥❞♦✇✐♥❣ ♣r♦❝❡ss ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✻✳
❊❛❝❤ ♦❢ t❤❡s❡ ✇✐♥❞♦✇s ✐s s❡q✉❡♥t✐❛❧❧② ♣r♦❝❡ss❡❞ ❜② t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t♦r✳
✸✳✶✳✸ ❋❡❛t✉r❡ ❊①tr❛❝t♦r
❋✐♥❛❧❧②✱ ❛t t❤❡ ❜♦tt♦♠ ❧❛②❡r✱ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ t❛❦❡s ♣❧❛❝❡✳ ❚❤✐s s❡❝t✐♦♥
♠❛❦❡s ❤❡❛✈② ✉s❡ ♦❢ t❤❡ ❋❋❚❲✸ ❧✐❜r❛r② ❬✶✹❪✳ ❋✐rst✱ t❤❡ ❞❛t❛ ✐s tr❛♥s❢♦r♠❡❞
✐♥t♦ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ✇✐t❤ ❛♥ ❋❋❚✳ ❆ ❞❡❝✐♠❛t✐♦♥ ✜❧t❡r ✐s ❛♣♣❧✐❡❞✱ ❛♥❞
t❤❡ ❞❛t❛ ✐s tr❛♥s❢♦r♠❡❞ ❜❛❝❦ t♦ t❤❡ t✐♠❡ ❞♦♠❛✐♥✱ ✇❤❡r❡ ❞❡❝✐♠❛t✐♦♥ ✐s ❝♦♠✲
✶✽
♣❧❡t❡❞✳ ❚❤✐s ❞❡❝✐♠❛t❡❞ ❞❛t❛ ✐s t❤❡♥ tr❛♥s❢♦r♠❡❞ ❜❛❝❦ t♦ t❤❡ ❢r❡q✉❡♥❝② ❞♦✲
♠❛✐♥✱ ✇❤❡r❡ ❛ ❝♦♠❜ ✜❧t❡r ✐s ❛♣♣❧✐❡❞✳ ❚❤❡ ❞❛t❛ ✐s ❝♦♥✈❡rt❡❞ ❜❛❝❦ t♦ t❤❡ t✐♠❡
❞♦♠❛✐♥✱ ❛♥❞ ❧♦❣✲s✉♠✲❛❜s♦❧✉t❡ ❡♥❡r❣✐❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❢r❡q✉❡♥❝② ❜✐♥✳
❚❤❡s❡ ❡♥❡r❣✐❡s ❛r❡ r❡t✉r♥❡❞ t♦ t❤❡ ❤✐❣❤❡r✲❧❡✈❡❧ ❝♦❞❡✱ ✇❤❡r❡ t❤❡② ❛r❡ ❛ss❡♠✲
❜❧❡❞ ✐♥t♦ ❛ ❢❡❛t✉r❡ ✈❡❝t♦r✳
✸✳✶✳✹ ❖✉t♣✉t
❋❡❛t✉r❡ ✈❡❝t♦rs ❛r❡ s❡r✐❛❧✐③❡❞ t♦ ❞✐s❦ ❛t t❤❡ ❤✐❣❤❡st ❧❛②❡r✳ ❚❤✐s s❡r✐❛❧✐③❛t✐♦♥
✉s❡s t❤❡ ●♦♦❣❧❡ Pr♦t♦❝♦❧ ❇✉✛❡rs❬✶✼❪ ❢♦r♠❛t ❛♥❞ ❧✐❜r❛r② t♦ st♦r❡ t❤❡ ❞❛t❛
✐♥ ❛♥ ❡❛s✐❧②✲❞✐❣❡st❡❞ ✇✐❞❡❧②✲s✉♣♣♦rt❡❞ ❜✐♥❛r② ❢♦r♠❛t✳ ❚❤❡ Pr♦t♦❝♦❧ ❇✉✛❡rs
♣r♦❥❡❝t ❤❛s ♥❛t✐✈❡ ❧✐❜r❛r✐❡s ❢♦r ❈✰✰ ❛♥❞ ❏❛✈❛✱ ✇✐t❤ t❤✐r❞ ♣❛rt② ♣♦rts t♦
❞♦③❡♥s ♦❢ ♦t❤❡r ❧❛♥❣✉❛❣❡s ❛♥❞ ♣❧❛t❢♦r♠s✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦rs
❣❡♥❡r❛t❡❞ ❤❡r❡ ❛r❡ ❤✐❣❤❧② ♣♦rt❛❜❧❡ ✇✐t❤ ♠✐♥✐♠❛❧ ❝✉st♦♠ st♦r❛❣❡ ❝♦❞❡✳
✸✳✷ ▼❆❚▲❆❇ ■♥s♣❡❝t✐♦♥ ❛♥❞ ❱❛❧✐❞❛t✐♦♥
❚❤❡s❡ ❢❡❛t✉r❡s ❝❛♥ ♥♦✇ ❣♦ s❡✈❡r❛❧ ♣❧❛❝❡s✳ ❋✐rst✱ ❧❡t✬s ❝♦♥s✐❞❡r t❤❡ ♣r♦❝❡ss ♦❢
✈❛❧✐❞❛t✐♥❣ ♦✉r ❣❡♥❡r❛t❡❞ ❢❡❛t✉r❡s ✐♥ ▼❆❚▲❆❇✳ ❚❤✐s ♣r♦❝❡ss ✐s ✈❡r② s✐♠♣❧❡✱
t❤❛♥❦s t♦ t❤❡ ♣♦✇❡r ♦❢ Pr♦t♦❝♦❧ ❇✉✛❡rs❬✶✼❪✳ ❲❤✐❧❡ t❤❡ ♦r✐❣✐♥❛❧ ❜✐♥❛r② ❞❛t❛
✇❛s s❡r✐❛❧✐③❡❞ ✐♥ ❈✰✰✱ t❤❡r❡ ❡①✐st ❧✐❜r❛r✐❡s ✐♥ ♥❡❛r❧② ❡✈❡r② ♠❛❥♦r ❧❛♥❣✉❛❣❡
❢♦r s❡r✐❛❧✐③✐♥❣ ❛♥❞ ❞❡s❡r✐❛❧✐③✐♥❣ t❤❡ Pr♦t♦❝♦❧ ❇✉✛❡r ❜✐♥❛r② ♠❡ss❛❣❡ ❢♦r♠❛t✳
❲❤✐❧❡ t❤❡r❡ ✐s ❛ t❤✐r❞✲♣❛rt② ✈❡rs✐♦♥ ♦❢ t❤❡ ❧✐❜r❛r② ❢♦r ✉s❡ ✐♥ ▼❆❚▲❆❇✱ ✐t ✇❛s✱
❛t t❤❡ t✐♠❡ ♦❢ ✉s❡✱ ♥♦t ✉♣ t♦ ❞❛t❡ ✇✐t❤ t❤❡ ❝✉rr❡♥t Pr♦t♦❝♦❧ ❇✉✛❡rs ❧✐❜r❛r②
✈❡rs✐♦♥✱ s♦ ✐t ❞✐❞ ♥♦t ✇♦r❦ ✇✐t❤ ♦✉r ❞❛t❛✳ ▲✉❝❦✐❧②✱ ❏❛✈❛✴▼❆❚▲❆❇ ✐♥t❡r✲
♦♣❡r❛❜✐❧✐t② ✐s ❡①tr❡♠❡❧② s✐♠♣❧❡✱ ❛♥❞ ❏❛✈❛ ✐s ♦♥❡ ♦❢ t❤❡ ♦✣❝✐❛❧❧②✲s✉♣♣♦rt❡❞
❧❛♥❣✉❛❣❡s ♦❢ t❤❡ Pr♦t♦❝♦❧ ❇✉✛❡rs ♣r♦❥❡❝t✳ ❆ s✐♠♣❧❡ ❢❡❛t✉r❡s✲t♦✲▼❆❚▲❆❇
❧♦❛❞❡r ✇❛s ❜✉✐❧t ✐♥ ❏❛✈❛ ❛r♦✉♥❞ t❤✐s ❧✐❜r❛r②✱ ❛♥❞ ❡❛s✐❧② ❛❧❧♦✇s ❢♦r ❢❡❛t✉r❡
✐♥s♣❡❝t✐♦♥ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ✐♥ ▼❆❚▲❆❇✳
✶✾
✸✳✸ ❖✤✐♥❡ ❚r❛✐♥✐♥❣
❚❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ✉s❡ ♦❢ t❤❡s❡ ♣r❡✲❝❛❧❝✉❧❛t❡❞ ❢❡❛t✉r❡s ✐s ♦✤✐♥❡ ❙❱▼ tr❛✐♥✲
✐♥❣✳ ▲✐❦❡ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ st❛❣❡✱ t❤✐s st❛❣❡ ✇❛s ✇r✐tt❡♥ ✐♥ ❈✰✰✳ ❲❤✐❧❡
t❤❡ ♦✤✐♥❡ tr❛✐♥✐♥❣ s❤♦✉❧❞ ♥♦t t❛❦❡ ♣❧❛❝❡ ♦♥ t❤❡ ❡♠❜❡❞❞❡❞ ♣❧❛t❢♦r♠✱ t❤❡
❡♥t✐r❡ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ♣♦rt✐♦♥ ♦❢ t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡❞✉r❡ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡
♦♥❧✐♥❡ ❞❡t❡❝t✐♦♥ ♣r♦❝❡ss✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❝r♦ss✲♣❧❛t❢♦r♠ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ❤❡❧♣s
✈❛❧✐❞❛t❡ ♣r♦❣r❛♠ ❢✉♥❝t✐♦♥❛❧✐t②✳ ❆s ❛ r❡s✉❧t✱ ✐♥ t❤❡ ✐♥t❡r❡st ♦❢ ❝♦❞❡ r❡✉s❡
❛♥❞ ❧✐❜r❛r② ❝♦♠♣❛t✐❜✐❧✐t②✱ t❤❡ tr❛✐♥✐♥❣ s♦❢t✇❛r❡ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ❈✰✰✱ ❡✈❡♥
t❤♦✉❣❤ ✐t ✇✐❧❧ ❣❡♥❡r❛❧❧② ♥❡✈❡r r✉♥ ♦♥ t❤❡ ❡♠❜❡❞❞❡❞ ♣❧❛t❢♦r♠✳ ❙❡✈❡r❛❧ ❧✐✲
❜r❛r✐❡s ❛r❡ ✉s❡❞ ✐♥ t❤❡ tr❛✐♥✐♥❣ s♦❢t✇❛r❡ t♦ ❢❛❝✐❧✐t❛t❡ t❤❡ ♣r♦❝❡ss✳ ●♦♦❣❧❡✬s
Pr♦t♦❝♦❧ ❇✉✛❡rs ❛r❡ ✉s❡❞ t♦ r❡❛❞ t❤❡ ♣r❡❝♦♠♣✉t❡❞ ❢❡❛t✉r❡ ❞❛t❛ ❢r♦♠ ❞✐s❦
❬✶✼❪✳ ▲■❇❙❱▼ ✐s ✉s❡❞ ❢♦r ❙❱▼ tr❛✐♥✐♥❣ ❛♥❞ ❝❛❧❝✉❧❛t✐♦♥s ❬✻❪✳
❚❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss st❛rts ❜② s✉♣♣❧②✐♥❣ ❛ ✜❧❡ ♦❢ ♣r❡✲❝❛❧❝✉❧❛t❡❞ ❢❡❛t✉r❡s✳
❚❤❡ ❞❛t❛ ✐s ❧♦❛❞❡❞ ❛♥❞ s❡♣❛r❛t❡❞ ✐♥t♦ s❡✐③✉r❡ ❛♥❞ ♥♦♥s❡✐③✉r❡ ❝❤✉♥❦s✳ ◆❡①t✱
t❤❡ ❙❱▼ ♣❛r❛♠❡t❡r s❡❛r❝❤ s♣❛❝❡ ✐s ❣❡♥❡r❛t❡❞✳ ❇② ❞❡❢❛✉❧t✱ t❤❡ s②st❡♠ ♣❡r✲
❢♦r♠s ❛ ❣r✐❞ s❡❛r❝❤ ♦❢ ❈ ✈❛❧✉❡s ❬✷❫✲✺✱ ✷❫✲✹✱ ✷❫✲✸✳✳✳✷❫✷✵❪ ❛♥❞ ❣❛♠♠❛ ✈❛❧✉❡s
❬✷❫✲✶✺✱ ✷❫✲✶✹✱ ✷❫✲✶✸✳✳✳✷❫✶✵❪✱ ✇❤✐❝❤ ✐s ❛ ❧❛r❣❡r ✈❡rs✐♦♥ ♦❢ t❤❡ r❛♥❣❡ ❢r♦♠ t❤❡
s✉❣❣❡st❡❞ r❛♥❣❡ ✐♥ t❤❡ ▲■❇❙❱▼ ❞♦❝✉♠❡♥t❛t✐♦♥ ❬✷✶❪✳ ■♥ ▲■❇❙❱▼✱ ❈ ❝♦♥tr♦❧s
t❤❡ ❝♦st ♦❢ ♠✐s❝❧❛ss✐✜❡❞ tr❛✐♥✐♥❣ ♣♦✐♥ts✱ ✇❤✐❧❡ ❣❛♠♠❛ ✐♥✢✉❡♥❝❡s t❤❡ ✇✐❞t❤ ♦❢
t❤❡ ●❛✉ss✐❛♥ r❛❞✐❛❧ ❜❛s✐s ❢✉♥❝t✐♦♥ ❦❡r♥❡❧✳ ❋♦r ❡❛❝❤ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥✱
❙❱▼s ❛r❡ tr❛✐♥❡❞ ✉s✐♥❣ ❧❡❛✈❡✲♦♥❡✲♦✉t ❝r♦ss✲✈❛❧✐❞❛t✐♦♥✳ ■♥ t❤✐s ✈❛❧✐❞❛t✐♦♥
s❝❤❡♠❡✱ t❤❡ ❙❱▼ ✐s tr❛✐♥❡❞ ♦♥ ❛❧❧ ❛❧❧ s❡✐③✉r❡ ❞❛t❛ ❡①❝❡♣t ❢♦r t❤❡ s❡✐③✉r❡
✉♥❞❡r ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❛ s✉❜s❡t ♦❢ t❤❡ ♥♦♥s❡✐③✉r❡ ❞❛t❛✳ ❚❤❡ ♥♦♥s❡✐③✉r❡
❞❛t❛ s✉❜s❡t ✇❛s ❝♦♥str✉❝t❡❞ ❜② ✉s✐♥❣ ♦♥❡ ♦✉t ♦❢ ❆ ♥♦♥s❡✐③✉r❡ ❢❡❛t✉r❡ ✈❡❝t♦rs✳
❚❤✐s ✈❛❧✉❡ ❆ ✇❛s ✜①❡❞ ❛t ✸✵ ❢♦r t❤❡ ❈❍❇▼■❚ ❞❛t❛❜❛s❡✱ ❜✉t ✇❛s ✈❛r✐❡❞ ♦♥
t❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ❬✷✷❪✳ ◆♦t ❛❧❧ ♦❢ t❤❡ ♥♦♥s❡✐③✉r❡ ❞❛t❛ ✐s ✉s❡❞
✐♥ tr❛✐♥✐♥❣✱ ❜❡❝❛✉s❡ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ♠♦r❡ ♥♦♥s❡✐③✉r❡
❞❛t❛ t❤❛♥ s❡✐③✉r❡ ❞❛t❛✳ ❙✉♣♣❧②✐♥❣ ❛❧❧ ♦❢ t❤❡ ♥♦♥s❡✐③✉r❡ ❞❛t❛ ❝♦✉❧❞ r❡s✉❧t ✐♥
♦✈❡r✲tr❛✐♥✐♥❣ ♦r ♠✐s✲tr❛✐♥✐♥❣✱ ❛♥❞ ✇♦✉❧❞ t❛❦❡ s✐❣♥✐✜❝❛♥t❧② ❧♦♥❣❡r t♦ ♣r♦❝❡ss✳
✷✵
❇❡❢♦r❡ t❤✐s ❞❛t❛ ✐s ✉s❡❞ ❢♦r tr❛✐♥✐♥❣✱ ✐t ♠✉st ❜❡ ♥♦r♠❛❧✐③❡❞✳ ❚❤❡ r❛♥❣❡ ♦❢
✈❛❧✉❡s ❛t ❡❛❝❤ ✐♥❞❡① ♦❢ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦r s❤♦✉❧❞ ❜❡ ♦♥ t❤❡ r❛♥❣❡ ♦❢ ❬✵✳✳✳✶❪ ✐♥
♦r❞❡r t♦ ♣r❡✈❡♥t ✐♥❞✐❝❡s ✇✐t❤ ♥✉♠❡r✐❝❛❧❧② ♣r♦♠✐♥❡♥t ❞❛t❛ ❢r♦♠ ♦✈❡r♣♦✇❡r✐♥❣
♥✉♠❡r✐❝❛❧❧② s♠❛❧❧❡r ✐♥❞✐❝❡s✳ ❚❤✐s s❝❛❧✐♥❣ t❛❦❡s t❤❡ ❢♦r♠ ♦❢
scaledV alue =
value−minimum
maximum−minimum
✭✶✵✮
❖♥❝❡ t❤✐s ❙❱▼ ✐s tr❛✐♥❡❞✱ t❤❡ r❡♠❛✐♥✐♥❣ ❜❧♦❝❦ ❝♦♥t❛✐♥✐♥❣ t❤❡ s❡✐③✉r❡ ✉♥❞❡r
t❡st ❛♥❞ ✉♣ t♦ ♦♥❡ ❤♦✉r ♦❢ ♥♦♥✲s❡✐③✉r❡ ❞❛t❛ ✐s r✉♥ t❤r♦✉❣❤ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡
❦♥♦✇♥ ❧❛❜❡❧ ❛♥❞ t❤❡ ❙❱▼✲♣r❡❞✐❝t❡❞ ❧❛❜❡❧ ❛r❡ ❜♦t❤ ❧♦❣❣❡❞ t♦ ❛ r❡s✉❧ts ✜❧❡✳
❚❤✐s ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ s❝❤❡♠❡ ✐s r❡♣❡❛t❡❞ ❢♦r ❡❛❝❤ s❡✐③✉r❡ ✐♥ t❤❡ ❞❛t❛ s❡t✱ ❛♥❞
t❤❡ ❡♥t✐r❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss ✐s r❡♣❡❛t❡❞ ❢♦r ❡✈❡r② ♣♦ss✐❜❧❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❈ ❛♥❞
❣❛♠♠❛✳ ❆❢t❡r t❤❡s❡ r❡s✉❧ts ❛r❡ ❛♥❛❧②③❡❞✱ ❛ ❤✉♠❛♥ ♦♣❡r❛t♦r ♠❛② s❡❧❡❝t ❛ ✭❈✱
❣❛♠♠❛✮ ♣❛✐r t❤❛t ♣r♦❞✉❝❡s ♦♣t✐♠❛❧ r❡s✉❧ts✳ ❚❤❡r❡ ❛r❡ ❝✉rr❡♥t❧② ♥♦ ❢❛❝✐❧✐t✐❡s
❢♦r ❛✉t♦♠❛t✐❝ ♣❛r❛♠❡t❡r s❡❧❡❝t✐♦♥✱ ❜❡❝❛✉s❡ t❤❡ ❞❡s✐r❡❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡
❞❡t❡❝t♦r ✐s ❤✐❣❤❧② ♦rt❤♦❣♦♥❛❧ ✲ ❤✐❣❤ s❡♥s✐t✐✈✐t② ❛♥❞ ❧♦✇❡r ❧❛t❡♥❝② ❣❡♥❡r❛❧❧②
✐♠♣❧② ❛ ❤✐❣❤❡r ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡✱ s♦ t❤❡r❡ ✐s r❛r❡❧② ❛ ✭❈✱ ❣❛♠♠❛✮ t❤❛t ❝❛♥
❜❡ ❝♦♥s✐❞❡r❡❞ ✧❜❡st✧ ❢♦r ❛♥② ♦♥❡ ♣❛t✐❡♥t✳ ❙❤♦✉❧❞ s✉❝❤ ❛ ✜t♥❡ss ❢✉♥❝t✐♦♥
❡①✐st✱ ✐t ✇♦✉❧❞ ❜❡ r❡❛s♦♥❛❜❧② str❛✐❣❤t❢♦r✇❛r❞ t♦ ✐♠♣❧❡♠❡♥t ❛ ❣r❡❡❞② s❡❛r❝❤
❢♦r ♦♣t✐♠❛❧✐t②✳ ❙❱▼ ♦♣t✐♠✐③❛t✐♦♥ ✐s ◆P✲❤❛r❞✱ s♦ ✐t ✐s ♥♦t ❝✉rr❡♥t❧② ♣♦ss✐❜❧❡
t♦ ♦♣t✐♠❛❧❧② s♦❧✈❡ ❢♦r ♦♣t✐♠❛❧ ♣❛r❛♠❡t❡rs✳ ■♥ ❛♥② ❝❛s❡✱ ✐❢ t❤❡ ✉s❡r s✉♣♣❧✐❡s
❛ ❞❡s✐r❡❞ ✭❈✱ ❣❛♠♠❛✮ t❤❡♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙❱▼ ✇✐❧❧ ❜❡ s❛✈❡❞ t♦ ❞✐s❦ ❢♦r
❧❛t❡r ✉s❡✱ s✉❝❤ ❛s ✐♥ ♦♥❧✐♥❡ ❞❡t❡❝t✐♦♥✳
✸✳✹ ❖♥❧✐♥❡ ❉❡t❡❝t✐♦♥
❚❤❡ ♦♥❧✐♥❡ ❞❡t❡❝t✐♦♥ st❛❣❡ ✐s ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❛♥❞
♦✤✐♥❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss❡s✳ ❚❤✐s ♣r♦❝❡ss ✢♦✇ ✐s ❧❛✐❞ ♦✉t ✐♥ ✜❣✉r❡ ✼✳ ❈✉rr❡♥t❧②✱
t❤❡ ♦♥❧✐♥❡ ❢✉♥❝t✐♦♥❛❧✐t② ✐s s✐♠✉❧❛t❡❞ ❜② r❡❛❞✐♥❣ t❤❡ ❞❛t❛ ❢r♦♠ ❊❉❋ ✜❧❡s ♦♥
❞✐s❦✱ ❞✉❡ t♦ ❛♥ ❛❜s❡♥❝❡ ♦❢ s♦✉r❝❡s ♦❢ ❧✐✈❡ ❊❊● ❝♦♥t❛✐♥✐♥❣ s❡✐③✉r❡s✳ ❍♦♦❦✲
✷✶
❋✐❣✉r❡ ✼✿ ❊♠❜❡❞❞❡❞ ❛❧❣♦r✐t❤♠ ❡①❡❝✉t✐♦♥ ✢♦✇
✷✷
✐♥❣ t❤❡ s♦❢t✇❛r❡ ✉♣ t♦ ❛♥ ✐♥❝♦♠✐♥❣ ❞❛t❛ str❡❛♠ ❢r♦♠ t❤❡ ❛♥❛❧♦❣ ❢r♦♥t ❡♥❞
❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹ ✐s ❛ tr✐✈✐❛❧ ❛❞❥✉st♠❡♥t✳
❋✐rst✱ ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢r❡s❤ ❞❛t❛✳ ❚❤✐s ❢✉♥❝t✐♦♥s ❡①❛❝t❧②
❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥ s❡❝t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥ t♦ s❡r✐❛❧✐③✐♥❣ t❤❡
❢❡❛t✉r❡s t♦ ❞✐s❦✱ ❤♦✇❡✈❡r✱ t❤❡ ❢❡❛t✉r❡ ✈❡❝t♦rs ❛r❡ ❛❧s♦ ✐♠♠❡❞✐❛t❡❧② s❝❛❧❡❞ ❛♥❞
❝❧❛ss✐✜❡❞✳ ❙t♦r✐♥❣ ❢❡❛t✉r❡ ✈❡❝t♦rs ❢r♦♠ ♦♥❧✐♥❡ ❞❡t❡❝t✐♦♥ ❡♥❛❜❧❡s r❡tr♦s♣❡❝t✐✈❡
♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ❛♥❞ ♠❛♥✉❛❧ s②st❡♠ ❛❞❥✉st♠❡♥ts ✐❢ ♥❡❡❞❡❞✳
❈❧❛ss✐✜❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✐♥ ❛ ♠❛♥♥❡r s✐♠✐❧❛r t♦ t❤❡ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥
st❛❣❡ ♦❢ t❤❡ ❙❱▼ tr❛✐♥✐♥❣ ♣r♦❝❡❞✉r❡✳ ❆t st❛rt✉♣✱ ❛ ❙❱▼ ✐s ❧♦❛❞❡❞ ❢r♦♠
❞✐s❦✳ ❆s ❢❡❛t✉r❡s ❛r❡ ❡①tr❛❝t❡❞✱ t❤❡② ❛r❡ ❝❧❛ss✐✜❡❞ ❜② t❤✐s s❛✈❡❞ ❝❧❛ss✐✜❡r✳
❙❱▼ ❞❡❝✐s✐♦♥s ❛r❡ ❧♦❣❣❡❞ ✐♥ t❤❡ s❛♠❡ ❢♦r♠❛t ❛s t❤❡ ❝r♦ss✲✈❛❧✐❞❛t♦r✬s ♦✉t♣✉t
✐♥ ❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ ❧✐✈❡ ♥ ♦✉t ♦❢ ♠ s❡✐③✉r❡ ❞❡❝❧❛r❛t✐♦♥✳ ❚❤✐s ♣r♦✈✐❞❡s ❛ ❢✉❧❧②
♦♥❧✐♥❡ s❡✐③✉r❡ ❞❡❝❧❛r❛t✐♦♥ s②st❡♠ ✇✐t❤ t❤❡ ❛❜✐❧✐t② t♦ ♣❡r❢♦r♠ r❡tr♦s♣❡❝t✐✈❡
❛♥❛❧②s✐s t♦ ♣♦t❡♥t✐❛❧❧② ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡✳
✸✳✺ ❖♥s❡t ❉❡❝❧❛r❛t✐♦♥
❆t t❤✐s t✐♠❡✱ ❜♦t❤ t❤❡ ♦✤✐♥❡ tr❛✐♥❡r ❛♥❞ t❤❡ ♦♥❧✐♥❡ ❞❡t❡❝t♦r s✐♠♣❧② ♦✉t♣✉t
❙❱▼ ❝❧❛ss✐✜❡r ❞❡❝✐s✐♦♥s✳ ❚❤❡ ❙❱▼ ❝❧❛ss✐✜❡r ♦✉t♣✉ts ❛ ✶ ❢♦r ❢❡❛t✉r❡ ✈❡❝✲
t♦rs ❝❧❛ss✐✜❡❞ ❛s s❡✐③✉r❡ ❛♥❞ ❛ ✲✶ ❢♦r ❢❡❛t✉r❡ ✈❡❝t♦rs ❝❧❛ss✐✜❡❞ ❛s ♥♦♥s❡✐③✉r❡✳
❚❤❡s❡ ✐♥❞✐✈✐❞✉❛❧ ✢❛❣s ❝♦✉❧❞ ❜❡ ✉s❡❞ ❛s ❞❡❝❧❛r❛t✐♦♥s✱ ❜✉t ❞♦✐♥❣ s♦ ❧❡❛❞s t♦ ❛
❤✐❣❤ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡ ✭❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✶✹ ❛♥❞ ✜❣✉r❡ ✶✽ ✐♥ s❡❝t✐♦♥ ✺✳✶✳✷✮✳
■♥st❡❛❞✱ ❛ r❡s✉❧ts ♣r♦❝❡ss♦r ✇❛s ✇r✐tt❡♥✱ ✇❤✐❝❤ ❡✈❛❧✉❛t❡s t❤❡s❡ ❝❧❛ss✐✜❝❛t✐♦♥s
s❡♣❛r❛t❡❧② ❢r♦♠ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❣❡♥❡r❛t✐♦♥✳ ❚❤✐s s❡♣❛r❛t✐♦♥ ♦❢ ❞✉t✐❡s ❡♥✲
❛❜❧❡s ❛ ✇✐❞❡ ❛rr❛② ♦❢ ✈♦t✐♥❣ s❝❤❡♠❡s t♦ ❜❡ ❡✈❛❧✉❛t❡❞ ✇✐t❤♦✉t r❡r✉♥♥✐♥❣ t❤❡
❡♥t✐r❡ ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇❤✐❝❤ ✇♦✉❧❞ t❛❦❡ s❡✈❡r❛❧ ❤♦✉rs ♣❡r ♣❛t✐❡♥t✳ ❚❤❡ r❡✲
s✉❧ts ♣r♦❝❡ss♦r ❢✉♥❞❛♠❡♥t❛❧❧② ✇♦r❦s ❜② ✉s✐♥❣ ❛♥ ♥ ♦✉t ♦❢ ♠ ✈♦t✐♥❣ s❝❤❡♠❡
t♦ ❞❡❝❧❛r❡ s❡✐③✉r❡ ♦♥s❡ts✳ ❆s ✐t r❡❛❞s ✐♥ ❝❧❛ss✐✜❝❛t✐♦♥s✱ t❤❡ ♠ ♠♦st r❡❝❡♥t
❝❧❛ss✐✜❝❛t✐♦♥s ❛r❡ st♦r❡❞✳ ■❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦s✐t✐✈❡ ❝❧❛ss✐✜❝❛t✐♦♥s ✐s ❣r❡❛t❡r
✷✸
t❤❛♥ ♦r ❡q✉❛❧ t♦ ♥✱ ❛ s❡✐③✉r❡ ♦♥s❡t ✐s ❞❡❝❧❛r❡❞✳ ❚❤✐s ♣r♦❝❡ss r❡♣❡❛ts ❢♦r ❡❛❝❤
❝❧❛ss✐✜❡r ♦✉t♣✉t✳
❚❤❡s❡ ♦♥s❡t ❞❡❝❧❛r❛t✐♦♥s ❝♦✉❧❞ ❜❡ ❝♦♠♣❛r❡❞ ❞✐r❡❝t❧② ❛❣❛✐♥st t❤❡ ❡①♣❡❝t❡❞
❧❛❜❡❧ ✭s❡✐③✉r❡✱ ♥♦♥s❡✐③✉r❡✮ ❛t t❤❡ t✐♠❡ ♦❢ ❞❡❝❧❛r❛t✐♦♥ ❛♥❞ tr❡❛t❡❞ ❛s ❡✐t❤❡r ❛
tr✉❡ ♣♦s✐t✐✈❡ ♦r ❢❛❧s❡ ♣♦s✐t✐✈❡ ✐❢ ✐t ♠❛t❝❤❡s ♦r ♥♦t✳ ❍♦✇❡✈❡r✱ t❤❛t ❛♣♣r♦❛❝❤
❤❛s s♦♠❡ s✐❣♥✐✜❝❛♥t ❞r❛✇❜❛❝❦s✳ ❋♦r t❤❡ ♣✉r♣♦s❡s ♦❢ tr❛✐♥✐♥❣✱ ❡❛❝❤ s❡✐③✉r❡
✐s ❧✐♠✐t❡❞ t♦ ❛ ♠❛①✐♠✉♠ ♦❢ t❡♥ s❡❝♦♥❞s ♦❢ ♣♦s✐t✐✈❡ s❡✐③✉r❡ ♦♥s❡t ❧❛❜❡❧✐♥❣✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡s❡ ❧❛❜❡❧s ❤❛✈❡ ❜❡❡♥ ❛ss✐❣♥❡❞ ❜② ❛♥ ❡♣✐❧❡♣t♦❧♦❣✐st ✐♥ ❛ ♠❛♥♥❡r
t❤❛t ✐s ♥♦t str✐❝t❧② q✉❛♥t✐t❛t✐✈❡ ✲ t❤❡r❡ ✐s ♥♦ ❝♦♥s❡♥s✉s ♦r ♦❜❥❡❝t✐✈❡ ❞❡✜♥✐t✐♦♥
♦❢ ✇❤❛t ❝♦♥st✐t✉t❡s ❛ s❡✐③✉r❡ ❬✶✸❪✳ ❚❤❡ ❧❛❜❡❧❡❞ ♦♥s❡ts ❛ss✐❣♥❡❞ ❜② t✇♦ ❞✐✛❡r❡♥t
❡♣✐❧❡♣t♦❧♦❣✐sts ❝❛♥ ❞✐✛❡r ❜② ♠✉❧t✐♣❧❡ s❡❝♦♥❞s✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❧❛❜❡❧s ✉s❡❞
❢♦r tr❛✐♥✐♥❣ ♠❛② ❧❛❣ t❤❡ tr✉❡ ❡❧❡❝tr♦❣r❛♣❤✐❝ ♦♥s❡t ❜② ♠✉❧t✐♣❧❡ s❡❝♦♥❞s✳ ❚❤❡
❝❧❛ss✐✜❡r ♠❛② t❤❡♥ tr✐❣❣❡r ❛ ❞❡t❡❝t✐♦♥ ❝❧♦s❡r t♦ t❤❡ tr✉❡ ❡❧❡❝tr♦❣r❛♣❤✐❝ ♦♥s❡t
t❤❛♥ t❤❡ ❧❛❜❡❧s ❛r❡✳ ■❢ t❤❡ ❞❡t❡❝t✐♦♥ ✐s str♦♥❣ ❡♥♦✉❣❤ t♦ ❜❡ ❛ ❞❡❝❧❛r❛t✐♦♥✱
❛♥❞ t❤❛t ❞❡❝❧❛r❛t✐♦♥ ✐s ❝♦♠♣❛r❡❞ t♦ ❛ ♣♦t❡♥t✐❛❧❧② ♠✐s❧❛❜❡❧❡❞ ♥❡❣❛t✐✈❡✱ t❤❡♥ ❛
tr✉❡ ♣♦s✐t✐✈❡ ❞❡t❡❝t✐♦♥ ♠❛② ✉♥✐♥t❡♥t✐♦♥❛❧❧② ❜❡ ♠✐str❡❛t❡❞ ❛s ❛ ❢❛❧s❡ ♣♦s✐t✐✈❡✳
❆ ♠❡❝❤❛♥✐s♠ ❢♦r ❛❧❧♦✇✐♥❣ ❞❡t❡❝t✐♦♥s ✐♥ ❛ ✇✐♥❞♦✇ ❛r♦✉♥❞ t❤❡ ❧❛❜❡❧❡❞
♦♥s❡t ✐s ♥❡❡❞❡❞✳ ❚❤✐s ✐s ❤❛♥❞❧❡❞ ❜② ❧♦❣❣✐♥❣ t❤❡ ♣❛st ❥ ❞❡❝❧❛r❛t✐♦♥s✱ ✇❤✐❝❤ ❛r❡
❝♦♠♣❛r❡❞ ❛❣❛✐♥st t❤❡ ❝✉rr❡♥t ❧❛❜❡❧ ✈❛❧✉❡✳ ■❢ ❛♥② ♦❢ t❤❡ ♣❛st ❥ ❞❡❝❧❛r❛t✐♦♥s
❛r❡ ♣♦s✐t✐✈❡ ✇❤❡♥ ❛ s❡r✐❡s ♦❢ ♣♦s✐t✐✈❡ ❧❛❜❡❧s ❣❡t ♣r♦❝❡ss❡❞✱ t❤❡ ❞❡❝❧❛r❛t✐♦♥
✐s st♦r❡❞ ❛s ❛ tr✉❡ ♣♦s✐t✐✈❡✳ ■❢ ❛ ♣♦s✐t✐✈❡ ❞❡❝❧❛r❛t✐♦♥✬s ❛❣❡ ❡①❝❡❡❞s ❥✱ ❛ ❢❛❧s❡
♣♦s✐t✐✈❡ ✐s st♦r❡❞✳
❍❛♥❞❧✐♥❣ ❤✐❣❤ ❧❛t❡♥❝② ❞❡t❡❝t✐♦♥s ✐s ♣r♦❝❡ss❡❞ ✐♥ ❛ s✐♠✐❧❛r ♠❛♥♥❡r✳ ❚❤❡
t✐♠❡ s✐♥❝❡ t❤❡ ❧❛st ♣♦s✐t✐✈❡ ❧❛❜❡❧ ✐s st♦r❡❞✳ ■❢ ❛ ♣♦s✐t✐✈❡ ❞❡❝❧❛r❛t✐♦♥ ✐s r❛✐s❡❞
✇❤✐❧❡ t❤❛t t✐♠❡ ✐s ❧❡ss t❤❛♥ s♦♠❡ t✐♠❡ ❦✱ ❛ tr✉❡ ♣♦s✐t✐✈❡ ✐s r❡❝♦r❞❡❞✳ ■❢ t✐♠❡
❣r❡❛t❡r t❤❛♥ ❦ ❤❛s ❡❧❛♣s❡❞✱ t❤❡♥ ❛ ❢❛❧s❡ ♣♦s✐t✐✈❡ ✐s r❡❝♦r❞❡❞✳
❋✐♥❛❧❧②✱ t❤❡r❡ ✐s t❤❡ ✐ss✉❡ t❤❛t ❜♦t❤ tr✉❡ ♣♦s✐t✐✈❡ ❛♥❞ str♦♥❣ ❢❛❧s❡ ♣♦s✐t✐✈❡
❡✈❡♥ts ❛r❡ ❧✐❦❡❧② t♦ ❤❛✈❡ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣♦s✐t✐✈❡ ❝❧❛ss✐✜❝❛t✐♦♥s ❛ss♦❝✐❛t❡❞
✇✐t❤ t❤❡♠✳ ❘❛✐s✐♥❣ s❡✈❡r❛❧ ♦♥s❡t ❞❡❝❧❛r❛t✐♦♥s ✐♥ ❛ s❤♦rt ♣❡r✐♦❞ ♦❢ t✐♠❡ ❞♦❡s
✷✹
♥♦t ♠❛❦❡ s❡♥s❡✱ ✇❤❡t❤❡r ✐t ✐s ❞✉r✐♥❣ ❛ s❡✐③✉r❡ ♦r ♥♦t✳ ❚♦ s✐♠♣❧✐❢② t❤✐s✱
♦♥s❡t ❞❡❝❧❛r❛t✐♦♥s ❛r❡ tr❡❛t❡❞ ✇✐t❤ ❛ ❝♦♦❧❞♦✇♥ t✐♠❡r ♣✳ ❖♥❝❡ ❛♥ ♦♥s❡t ✐s
❞❡❝❧❛r❡❞ ✭✇❤❡t❤❡r ✐t ✐s ❛ tr✉❡ ♣♦s✐t✐✈❡ ♦r ❛ ❢❛❧s❡ ♣♦s✐t✐✈❡✮✱ ❛ t✐♠❡r ✐s ✐♥✐t✐❛t❡❞❀
❞✉r✐♥❣ t❤❛t t✐♠❡r ✇✐♥❞♦✇✱ ♥♦ ❛❞❞✐t✐♦♥❛❧ ❞❡❝❧❛r❛t✐♦♥s ✇✐❧❧ ❜❡ r❛✐s❡❞✱ ❛♥❞ ❛❧❧
❞❡❝❧❛r❛t✐♦♥ ❤✐st♦r② ✇✐♥❞♦✇s ✇✐❧❧ ❜❡ ✐♥✐t✐❛❧✐③❡❞ t♦ ❡♠♣t② ♦♥❝❡ t❤❡ t✐♠❡r ❤❛s
❡①♣✐r❡❞✳
✷✺
✹ ❍❛r❞✇❛r❡
■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ✈❛r✐♦✉s ❤❛r❞✇❛r❡ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ✉s❡❞ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧✳
❚❤❡r❡ ❛r❡ t✇♦ ♠❛✐♥ ❡♠❜❡❞❞❡❞ s②st❡♠s✿ t❤❡ ❛♠❜✉❧❛t♦r② r❡❝♦r❞✐♥❣ ♣❧❛t❢♦r♠
❛♥❞ t❤❡ ❡♠❜❡❞❞❡❞ s❡✐③✉r❡ ♦♥s❡t ❞❡t❡❝t✐♥❣ ❤❛r❞✇❛r❡✳ ❚❤❡s❡ ♣❧❛t❢♦r♠s ✇❡r❡
❞❡✈❡❧♦♣❡❞ ❛♥❞ ✉s❡❞ ✐♥ ♣❛r❛❧❧❡❧❀ ❛ ❢✉t✉r❡ ✈❡rs✐♦♥ ❝♦♠❜✐♥✐♥❣ t❤❡ t✇♦ ✐♥t♦ ❛
✉♥✐✜❡❞ ❊❊● r❡❝♦r❞✐♥❣ ❛♥❞ s❡✐③✉r❡ ♦♥s❡t ❞❡t❡❝t✐♥❣ ❞❡✈✐❝❡ ✐s ♣❧❛♥♥❡❞✳
✹✳✶ ❊❊● ❍❛r❞✇❛r❡
❆ ❤✐❣❤❧② ✐♥t❡❣r❛t❡❞ ❜❛tt❡r② ♦♣❡r❛t❡❞ ❊❊● r❡❝♦r❞✐♥❣ ♣❧❛t❢♦r♠ ✇❛s ❞❡✈❡❧✲
♦♣❡❞ ♦✈❡r s❡✈❡r❛❧ ❣❡♥❡r❛t✐♦♥s✳ ❚❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♦❢ ❞❡✈✐❝❡s ✇❡r❡ ❢♦❝✉s❡❞
♦♥ ❡①♣❧♦r✐♥❣ ✇✐r❡❧❡ss❧② ♣♦✇❡r❡❞ ♠✐♥✐♠❛❧❧② ✐♥✈❛s✐✈❡ ✐♠♣❧❛♥t❛❜❧❡ ❊❊● s②s✲
t❡♠s✳ ❚❤❡ ❣♦❛❧ ❢♦r♠ ❢❛❝t♦r ❢♦r t❤❡s❡ ❞❡✈✐❝❡s ✇❛s ❛ str✐♣ ❞❡✈✐❝❡ t❤❛t ❝♦✉❧❞
❜❡ ✐♥s❡rt❡❞ ❜❡♥❡❛t❤ t❤❡ s❝❛❧♣ t❤r♦✉❣❤ ❛ s♠❛❧❧ ✐♥❝✐s✐♦♥✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛♥
❡①t❡r♥❛❧ ✇✐r❡❧❡ss s✉♣♣❧② ❛♥❞ ❞❛t❛ ❧♦❣❣✐♥❣ ❞❡✈✐❝❡✳
✹✳✶✳✶ ❋✐rst ●❡♥❡r❛t✐♦♥
❚❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♦❢ ❊❊● r❡❝♦r❞✐♥❣ ♣❧❛t❢♦r♠ ♣r♦t♦t②♣❡s ❢♦❝✉s❡❞ ♦♥ t❤❡
❚■ ❆❉❙✶✷✾✽ ❛♥❛❧♦❣ ❢r♦♥t ❡♥❞✳ ❚❤✐s ❢❛♠✐❧② ♦❢ ❞❡✈✐❝❡s ❛❧❧ ❢❡❛t✉r❡❞ ❛ s✐♥❣❧❡
❆❉❙✶✷✾✽ ✐♥ ❛ ✈❛r✐❡t② ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s✳ ❋♦r ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤✐s
❣❡♥❡r❛t✐♦♥ ♦❢ ❤❛r❞✇❛r❡✱ s❡❡ ❬✶✶❪✳
❆❉❙✶✷✾✽ ❊✈❛❧✉❛t✐♦♥ ❇♦❛r❞ ❚❤❡ ✜rst ❜♦❛r❞ ❞❡✈❡❧♦♣❡❞ ✇❛s ❛ ❝✉st♦♠
❡✈❛❧✉❛t✐♦♥ ❜♦❛r❞ ❢♦r t❤❡ ❆❉❙✶✷✾✽✳ ❚❤✐s ❜♦❛r❞ ❢❡❛t✉r❡❞ ❛♥ ❆❉❙✶✷✾✽✱ ❛♥
▼❙P✹✸✵✱ ❛ s❡r✐❛❧ ♣♦rt✱ ♣♦✇❡r s✉♣♣❧② ❝✐r❝✉✐tr②✱ ❛♥❞ ♠❛♥② ❜r❡❛❦♦✉t ❝♦♥♥❡❝✲
t✐♦♥s ❛♥❞ t❡st ♣♦✐♥ts✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s ❜♦❛r❞ ✇❛s t♦ ❡✈❛❧✉❛t❡ t❤❡ ❢❡❛s✐❜✐❧✐t②
♦❢ ✉s✐♥❣ t❤❡ ❆❉❙✶✷✾✽ t♦ r❡❝♦r❞ ❜✐♦s✐❣♥❛❧s✳ ❋♦r t❤❡ s❛❦❡ ♦❢ r❛♣✐❞ t❡st✐♥❣✱ t❤❡
♣r✐♠❛r② ❢♦❝✉s ✇❛s ♦♥ ❊❈● s✐❣♥❛❧s ❜❡❝❛✉s❡ t❤❡② ❛r❡ ✈❡r② ❡❛s② ❢♦r ✉♥tr❛✐♥❡❞
✷✻
✐♥❞✐✈✐❞✉❛❧s t♦ ✐❞❡♥t✐❢②✳ ❚❤✐s ♣r♦❥❡❝t ♣r✐♠❛r✐❧② ❢♦❝✉s❡❞ ♦♥ ❡①♣❧♦r✐♥❣ t❤❡ ♣r♦❜✲
❧❡♠ s♣❛❝❡ ❛♥❞ t❛❝❦❧✐♥❣ t❤❡ ❝❤❛❧❧❡♥❣❡s ♦❢ ✇♦r❦✐♥❣ ✇✐t❤ t❤❡ ❆❉❙✶✷✾✽ ❢❛♠✐❧②
♦❢ ❞❡✈✐❝❡s ❛♥❞ t❤❡✐r ❞❛t❛ r❡s✉❧ts✳
❲✐r❡❧❡ss ❇♦❛r❞ ❆ r❡❧❛t❡❞ s②st❡♠ ✇❛s ❛ ✇✐r❡❧❡ss ❊❊● r❡❝♦r❞✐♥❣ ♣❧❛t❢♦r♠✱
✇❤✐❝❤ ✇❛s ❞❡✈❡❧♦♣❡❞ t♦ ❜❡❣✐♥ ❡①♣❡r✐♠❡♥t✐♥❣ ✇✐t❤ ✇✐r❡❧❡ss ♣♦✇❡r s②st❡♠s✳
❚❤❡ ✇✐r❡❧❡ss ❜♦❛r❞ ❢❡❛t✉r❡❞ ❛♥ ❆❉❙✶✷✾✽✱ ❛♥ ▼❙P✹✸✵❋✷✷✼✷✱ ❛♥ ❛♥t❡♥♥❛✱
❛♥❞ s♦♠❡ r❡❧❛t❡❞ ✇✐r❡❧❡ss ♣♦✇❡r ❤❛r❞✇❛r❡✳ ❚❤❡ r❡❝❡✐✈❡r ❜♦❛r❞ ❢❡❛t✉r❡❞ ❛
❚■ ❚❘❋✼✾✻✵❆✱ ❛♥ ❆❝t❡❧ ■❣❧♦♦ ◆❛♥♦ ❆●▲✷✺✵ ❋P●❆✱ ❛♥ ▼❙P✹✸✵✷✷✼✷✱ ❛
♠✐❝r♦❙❉ ❝❛r❞✱ ❛♥❞ ♣♦✇❡r s✉♣♣❧② s②st❡♠s✳ ❚❤❡ ❆❉❙ ❜♦❛r❞ ✇❛s ✇✐r❡❧❡ss❧②
♣♦✇❡r❡❞ ❜② t❤❡ ❚❘❋✼✾✻✵❆ ♦♥ t❤❡ r❡❝❡✐✈❡r ❜♦❛r❞✱ ❛♥❞ ✇♦✉❧❞ ❧♦❛❞ ♠♦❞✉❧❛t❡
t❤❡ ♣♦✇❡r ❧✐♥❦ t♦ tr❛♥s♠✐t ❞❛t❛✳ ❚❤❡ ❋P●❆ ❞❡♠♦❞✉❧❛t❡❞ t❤❡ ❞❛t❛ ❛♥❞ ♠❛♥✲
❛❣❡❞ t❤❡ ✇✐r❡❧❡ss ❧✐♥❦✳ ❚❤❡ ▼❙P✹✸✵ ♠❛♥❛❣❡❞ t❤❡ ❋P●❆✱ ❚❘❋✼✾✻✵❆✱ ❛♥❞
s❡r✐❛❧✐③❡❞ t❤❡ ❞❛t❛ t♦ t❤❡ ♠✐❝r♦❙❉ ❝❛r❞ ✐♥ ❛ ❝✉st♦♠ ❢♦r♠❛t✳ ❚❤✐s ♣r♦❥❡❝t
♣r✐♠❛r✐❧② ❢♦❝✉s❡❞ ♦♥ ✐♠♣r♦✈✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ✇✐r❡✲
❧❡ss ♣♦✇❡r ❛♥❞ ❞❛t❛ ❧✐♥❦✳ Pr❡❧✐♠✐♥❛r② ❊❊● ♣❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ✇❛s ❛❧s♦
♣❡r❢♦r♠❡❞✳
✹✳✶✳✷ ❙❡❝♦♥❞ ●❡♥❡r❛t✐♦♥
❚❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♦❢ ❞❡✈✐❝❡s ❝✉rr❡♥t❧② ❢❡❛t✉r❡s ❛ ❝♦♠♣❧❡t❡ ♣r♦t♦t②♣❡
❧♦❣❣✐♥❣ ♣❧❛t❢♦r♠ ❜❛s❡❞ ♦♥ t❤❡ ❚■ ❆❉❙✶✷✾✾✳ ❚❤❡ ❞❡✈✐❝❡ ✐s ♣✐❝t✉r❡❞ ✐♥ ✜❣✉r❡
✾❀ ❛ ❝♦♥✜❣✉r❛t✐♦♥ ♦♥ ❛ t❡st ♣❛t✐❡♥t ✇✐t❤ ✇❡t ❡❧❡❝tr♦❞❡s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡
✶✵✳ ❚❤❡ ❆❉❙✶✷✾✾ ✐s ❛ ❤✐❣❤❡r ♣♦✇❡r✱ ❧♦✇❡r ♥♦✐s❡ ✈❡rs✐♦♥ ♦❢ t❤❡ ❆❉❙✶✷✾✽✳ ■t
✐s ♣✐♥✲❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ❆❉❙✶✷✾✽ ✐♥ ❝❡rt❛✐♥ ♣♦✇❡r s✉♣♣❧② ❝♦♥✜❣✉r❛t✐♦♥s❀
t❤❡ ❆❉❙✶✷✾✽ ♦♣❡r❛t❡s ♦✛ ♦❢ ❛ ✸ ✈♦❧t ❆❱❈❈ ✇❤✐❧❡ t❤❡ ❆❉❙✶✷✾✾ r❡q✉✐r❡s ❛ ✺
✈♦❧t ❆❱❈❈✳ ❚❤❡ ❝✉rr❡♥t s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♣❧❛t❢♦r♠ ❤❛s t❤r❡❡ ❆❉❙✶✷✾✾s✱ ❛♥
▼❙P✹✸✵❋✺✸✶✵✱ ❛♥ ❆❝t❡❧ ■❣❧♦♦ ❋P●❆✱ ❛♥❞ s✉♣♣♦rt✐♥❣ ❝♦♠♣♦♥❡♥ts✳ ❆❧♠♦st
❛❧❧ ❞✐❣✐t❛❧ s✐❣♥❛❧s ♦♥ t❤❡ ❜♦❛r❞ ❛r❡ r♦✉t❡❞ t❤r♦✉❣❤ t❤❡ ❋P●❆ ❢♦r ♠❛①✐♠✉♠
✢❡①✐❜✐❧✐t②✳ ❆ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤✐s ❞❡s✐❣♥ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✽✳ ❚❤❡ ♦r✐❣✐♥❛❧
✷✼
❋✐❣✉r❡ ✽✿ ❇❧♦❝❦ ❉✐❛❣r❛♠ ♦❢ ❙❡❝♦♥❞ ●❡♥❡r❛t✐♦♥ ❊❊● P❧❛t❢♦r♠
✷✽
❋✐❣✉r❡ ✾✿ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❤❛r❞✇❛r❡ ♣❧❛t❢♦r♠
❞❡s✐❣♥ ✐♥t❡♥t ✇❛s t♦ ❡♠❜❡❞ ❛ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♥ t❤❡ ❋P●❆✱ ✇✐t❤ t❤❡
♠✐❝r♦❝♦♥tr♦❧❧❡r ♣r♦✈✐❞✐♥❣ t❤❡ ♠❛❥♦r✐t② ♦❢ ♣❧❛t❢♦r♠ ♠❛♥❛❣❡♠❡♥t✳ ❍♦✇❡✈❡r✱
❞✉r✐♥❣ t❤❡ ✜r♠✇❛r❡ ❞❡s✐❣♥ ♣❤❛s❡✱ t❤❡s❡ ♦❜❥❡❝t✐✈❡s ❝❤❛♥❣❡❞ s✐❣♥✐✜❝❛♥t❧②✳ ■♥
t❤❡ ✜♥❛❧ ✜r♠✇❛r❡ ❞❡s✐❣♥✱ t❤❡ ❋P●❆ ♠❛♥❛❣❡s t❤❡ ❡♥t✐r❡ s②st❡♠✳ ❚❤❡ ❋P●❆
❝♦♥t❛✐♥s ❛ st❛t❡ ♠❛❝❤✐♥❡ t♦ ✇r✐t❡ t♦ t❤❡ ❙❉ ❝❛r❞ ✐♥ t❤❡ s❛♠❡ ❝✉st♦♠ ❢♦r♠❛t
❛s t❤❡ ✇✐r❡❧❡ss ❜♦❛r❞✳ ■t ❛❧s♦ ❝♦♥t❛✐♥s ❛ st❛t❡ ♠❛❝❤✐♥❡ ❢♦r ✐♥✐t✐❛❧✐③✐♥❣ ❛❧❧
t❤r❡❡ ❆❉❙✶✷✾✾s✳ ❚❤❡ ❆❉❙✶✷✾✾ ❢❡❛t✉r❡s ❛♥ ✐♥t❡r♥❛❧ r❡❢❡r❡♥❝❡ ❣❡♥❡r❛t♦r ❛♥❞
✐♥t❡r♥❛❧ ❝❧♦❝❦ ❣❡♥❡r❛t♦r✳ ■♥ t❤✐s ❛♣♣❧✐❝❛t✐♦♥✱ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ❤❛✈❡ ❛❧❧ t❤r❡❡
❆❉❙✶✷✾✾s ✉s✐♥❣ t❤❡ s❛♠❡ r❡❢❡r❡♥❝❡ ✈♦❧t❛❣❡ ❛♥❞ ❝❧♦❝❦ ❢♦r ♦♣t✐♠❛❧ r❡s✉❧ts✱ s♦
t❤❡r❡ ✐s ❛ ♠❛st❡r ❆❉❙✶✷✾✾ ❝❤✐♣ ❛♥❞ t✇♦ s❧❛✈❡ ❆❉❙✶✷✾✾ ❝❤✐♣s✳ ❚❤❡ ♠❛st❡r ✐s
❝♦♥✜❣✉r❡❞ t♦ ♦✉t♣✉t ✐ts ❝❧♦❝❦ ❛♥❞ r❡❢❡r❡♥❝❡✱ ✇❤✐❧❡ t❤❡ s❧❛✈❡s ❛r❡ ❝♦♥✜❣✉r❡❞
t♦ ♦♣❡r❛t❡ ♦✛ ♦❢ ❛♥ ❡①t❡r♥❛❧ ❝❧♦❝❦ ❛♥❞ r❡❢❡r❡♥❝❡✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❆❉❙✶✷✾✾
❢❡❛t✉r❡s ❛ ❜✐❛s ❣❡♥❡r❛t♦r✳ ❚❤✐s ❝✐r❝✉✐t ✐s ✉s❡❞ t♦ ✐♠♣r♦✈❡ ❝♦♠♠♦♥✲♠♦❞❡
r❡❥❡❝t✐♦♥ ♦❢ t❤❡ s②st❡♠ ❜② ❞r✐✈✐♥❣ t❤❡ ❜♦❞② ✇✐t❤ t❤❡ ❛✈❡r❛❣❡ ♦❢ ❛❧❧ ✐♥♣✉t
✷✾
❋✐❣✉r❡ ✶✵✿ ❉❡✈✐❝❡ ✐♥ ✉s❡ ♦♥ t❤❡ ❛✉t❤♦r
✸✵
❝❤❛♥♥❡❧s✳ ■♥ t❤ ♠✉❧t✐✲❞❡✈✐❝❡ ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ♠❛st❡r ❆❉❙✶✷✾✾ ✐s ❝♦♥✜❣✉r❡❞
t♦ ❣❡♥❡r❛t❡ t❤✐s ❜✐❛s✱ ✇❤✐❧❡ t❤❡ s❧❛✈❡s ♣r♦✈✐❞❡ t❤❡ ❛✈❡r❛❣❡s ♦❢ t❤❡✐r ❝❤❛♥♥❡❧s
t♦ t❤❡ ♠❛st❡r✳ ❲❤✐❧❡ t❤❡ ❞❡✈✐❝❡s ❝❛♥ ❜❡ ❝♦♥✜❣✉r❡❞ ✐♥ ❛ ♥✉♠❜❡r ✇❛②s t♦
r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ■✴❖ ♣✐♥s ✉s❡❞ ❢♦r ❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ❛❧❧ t❤r❡❡ ❆❉❙✶✷✾✾s
❛r❡ ❝♦♥✜❣✉r❡❞ ❛s t❤♦✉❣❤ t❤❡② ❛r❡ ♦♥ ✐♥❞❡♣❡♥❞❡♥t ❙P■ ❜✉s❡s ✇✐t❤ t❤❡ ❋P●❆✳
❲❤✐❧❡ t❤❡ ♦♥❧② s❡❝♦♥❞✲❣❡♥❡r❛t✐♦♥ ❜♦❛r❞s ✐♠♣❧❡♠❡♥t❡❞ t❤✉s ❢❛r ❢❡❛t✉r❡
t❤❡ ❆❉❙✶✷✾✾✱ t❤❡ ❜♦❛r❞ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ✇✐t❤ t❤❡ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r✲♣♦✇❡r
❆❉❙✶✷✾✽ ✐❢ ❛♥ ❛❧t❡r♥❛t✐✈❡ ♣♦✇❡r s✉♣♣❧② ✐s ♣♦♣✉❧❛t❡❞✳
✹✳✷ ❊♠❜❡❞❞❡❞ ❙❡✐③✉r❡ ❉❡t❡❝t✐♦♥ ❊♥✈✐r♦♥♠❡♥t
■♥ t❤❡ ✐♥t❡r❡st ♦❢ ♣❛r❛❧❧❡❧ ❞❡✈❡❧♦♣♠❡♥t✱ ❛♥ ❆❘▼✲❜❛s❡❞ ❞❡✈❡❧♦♣♠❡♥t ❦✐t ✇❛s
✉s❡❞ t♦ ❢❛❝✐❧✐t❛t❡ ❡♠❜❡❞❞❡❞ ❛❧❣♦r✐t❤♠ ❞❡✈❡❧♦♣♠❡♥t✳ ■♥ t❤❡ ✐♥t❡r❡st ♦❢ ♠✐♥✐✲
♠✐③✐♥❣ ❡①tr❛♥❡♦✉s ✇♦r❦✱ ❛ r❛s♣❜❡rr② ♣✐ ✇❛s ♣✉r❝❤❛s❡❞✳ ❚❤❡ r❛s♣❜❡rr② ♣✐ ✐s
❛♥ ✐♥❡①♣❡♥s✐✈❡ ❉■❨✲♦r✐❡♥t❡❞ ❆❘▼✈✻ ❜♦❛r❞✳ ❚❤❡ ♣r♦❝❡ss♦r ♦♥ t❤❡ ❜♦❛r❞ ✐s ❛
❇❈▼✷✽✸✺✱ ✇❤✐❝❤ ✐s ❛♥ ❆❘▼✶✶ ♣r♦❝❡ss♦r ✇✐t❤ ❤❛r❞✇❛r❡ ✢♦❛t✐♥❣ ♣♦✐♥t s✉♣✲
♣♦rt ❢r♦♠ ❇r♦❛❞❝♦♠✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ ▲✐♥✉① t❛r❣❡t❡❞ t♦ t❤❡
r❛s♣❜❡rr② ♣✐ s♣❡❝✐✜❝❛❧❧②✱ ✇✐t❤ ❡①t❡♥s✐✈❡ ❝♦♠♠✉♥✐t② s✉♣♣♦rt✳ ❖✉r s♦❢t✇❛r❡
❝♦♠♣✐❧❡s ❛♥❞ ❡①❡❝✉t❡s ♦♥ ❜♦t❤ P❈ ❛♥❞ ❆❘▼✈✻✳ Pr❡❝✐s❡ ♣♦✇❡r ♠❡❛s✉r❡✲
♠❡♥ts ✇❡r❡ ♥♦t ♠❛❞❡ ❞✉r✐♥❣ ❆❘▼✶✶ ❡①❡❝✉t✐♦♥✱ ❜✉t t❤❡ ❡st✐♠❛t❡❞ ♣♦✇❡r
❝♦♥s✉♠♣t✐♦♥ ✇✐t❤ t❤❡ ❝✉rr❡♥t ❆❘▼ ❡♥✈✐r♦♥♠❡♥t ❦✐t ✐s ❛♣♣r♦①✐♠❛t❡❧② ✹✵✵
♠✐❧❧✐✇❛tts ❞✉r✐♥❣ ❛❧❣♦r✐t❤♠ ❡①❡❝✉t✐♦♥ ❬✶❪✳ ❲❤✐❧❡ t❤✐s ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡ ✐s
r❡❧❛t✐✈❡❧② ❤✐❣❤ ❢♦r ❛♥ ❡♠❜❡❞❞❡❞ ❞❡✈✐❝❡✱ ♣♦✇❡r ♦♣t✐♠✐③❛t✐♦♥ ❤❛s ♥♦t ②❡t ❜❡❡♥
❡①♣❧♦r❡❞ ❢♦r t❤✐s ❞❡✈✐❝❡✳ ▲♦✇❡r✲♣♦✇❡r ❞❡✈✐❝❡s✱ s✉❝❤ ❛s ❙✐❧✐❝♦♥ ▲❛❜s✴❊♥❡r❣②
▼✐❝r♦ ❊❋▼✸✷ ❞❡✈✐❝❡s s✉♣♣♦rt ❛ ♥❡✇❡r ❆❘▼ ✐♥str✉❝t✐♦♥ s❡t ❛t ❛ s✐❣♥✐✜❝❛♥t❧②
❧♦✇❡r ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♣♦✐♥t ❬✸✵❪✳
✸✶
✺ ❘❡s✉❧ts
❚❤❡r❡ ❛r❡ ❛ ❢❡✇ ✐♠♣♦rt❛♥t ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s t♦ ❝♦♥s✐❞❡r ❢♦r t❤❡ ♣✉r♣♦s❡s
♦❢ s❡✐③✉r❡ ♦♥s❡t ❞❡t❡❝t✐♦♥✿
✶✳ ❙❡♥s✐t✐✈✐t②✿ t❤❡ ❛❜✐❧✐t② t♦ ❞❡t❡❝t ❛s ♠❛♥② s❡✐③✉r❡ ♦♥s❡ts ❛s ♣♦ss✐❜❧❡✳
✷✳ ❙♣❡❝✐✜❝✐t②✿ t❤❡ ❛❜✐❧✐t② t♦ ❞❡t❡❝t ♦♥❧② tr✉❡ s❡✐③✉r❡ ♦♥s❡ts❀ ❛ s❡✐③✉r❡
❞❡t❡❝t♦r ✇✐t❤ ❧♦✇ s♣❡❝✐✜❝✐t② ✇✐❧❧ ❤❛✈❡ ❛ ❤✐❣❤ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡✳
✸✳ ▲❛t❡♥❝②✿ t❤❡ t✐♠❡ ❞❡❧❛② ❢r♦♠ t❤❡ ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤✐❝ ♦♥s❡t ♦❢ ❛
s❡✐③✉r❡ t♦ t❤❡ ❞❡t❡❝t❡❞ ♦♥s❡t ♦❢ ❛ s❡✐③✉r❡✳ ❋♦r t❤❡ ♣✉r♣♦s❡s ♦❢ ❡✈❛❧✉✲
❛t✐♦♥✱ ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤✐❝ ♦♥s❡ts ✉s❡❞ ❤❡r❡ ❛r❡ t❤♦s❡ ❛ss✐❣♥❡❞ ❜②
t❤❡ ❡♣✐❧❡♣t♦❧♦❣✐st ✇❤♦ ❛♥♥♦t❛t❡❞ t❤❡ ❊❊● ❞❛t❛ s❡ts✳
❚❤❡ ✐❞❡❛❧ ❞❡t❡❝t♦r ❡①❤✐❜✐ts ♣❡r❢❡❝t s♣❡❝✐✜❝✐t② ✲ ③❡r♦ ❢❛❧s❡ ♣♦s✐t✐✈❡s✱ ♣❡r❢❡❝t
s❡♥s✐t✐✈✐t② ✲ ③❡r♦ ❢❛❧s❡ ♥❡❣❛t✐✈❡s✱ ❛♥❞ ♣❡r❢❡❝t ❧❛t❡♥❝② ✲ ③❡r♦ s❡❝♦♥❞s ♦❢ ❛❝t✉❛❧
♦♥s❡t t♦ ❞❡❝❧❛r❡❞ ♦♥s❡t ❞❡❧❛②✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ✉♥❧✐❦❡❧② t♦ ❜❡ ❛❝❤✐❡✈❡❞
✐♥ ❛ r❡❛❧ ❞❡t❡❝t♦r✳ ■♥ ❛ r❡❛❧ ❞❡t❡❝t♦r✱ t❤❡s❡ t❤r❡❡ st❛t✐st✐❝s ❛r❡ ❞✐✣❝✉❧t t♦
♦♣t✐♠✐③❡ ❛❧❧ ❛t ♦♥❝❡✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ s❡♥s✐t✐✈✐t② ✭❛ r❡❞✉❝t✐♦♥ ✐♥ ❢❛❧s❡ ♥❡❣❛t✐✈❡
r❛t❡✮ t❡♥❞s t♦ ❝♦♠❡ ✇✐t❤ t❤❡ ❝♦st ♦❢ ❛ ❞❡❝r❡❛s❡ ✐♥ s♣❡❝✐✜❝✐t②✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥
❞❡t❡❝t✐♦♥ ❧❛t❡♥❝②✱ ♦r ❜♦t❤✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ s♣❡❝✐✜❝✐t② ✭❛ r❡❞✉❝t✐♦♥ ✐♥ ❢❛❧s❡
♣♦s✐t✐✈❡ r❛t❡✮ t❡♥❞s t♦ ❝♦♠❡ ✇✐t❤ t❤❡ ❝♦st ♦❢ ❛ ❞❡❝r❡❛s❡ ✐♥ s❡♥s✐t✐✈✐t②✱ ❛♥
✐♥❝r❡❛s❡ ✐♥ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝②✱ ♦r ❜♦t❤✳ ❆ ❞❡❝r❡❛s❡ ✐♥ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② t❡♥❞s
t♦ ❝♦♠❡ ✇✐t❤ r❡❞✉❝❡❞ s❡♥s✐t✐✈✐t②✱ r❡❞✉❝❡❞ s♣❡❝✐✜❝✐t②✱ ♦r ❜♦t❤✳
❇❛s❡❞ ♦♥ ❡♠♣✐r✐❝❛❧ ♦❜s❡r✈❛t✐♦♥s✱ ❤✐❣❤✲❧❛t❡♥❝② ❞❡❝❧❛r❛t✐♦♥s✱ s✉❝❤ ❛s ❞❡❝✲
❧❛r❛t✐♦♥ ❧❛t❡♥❝✐❡s ❣r❡❛t❡r t❤❛♥ ✶✵ s❡❝♦♥❞s✱ ❛r❡ ✉♥❝♦♠♠♦♥✳ ■❢ ❛ s❡✐③✉r❡ ✐s
❣♦✐♥❣ t♦ ❜❡ ❞❡t❡❝t❡❞ r❡❧✐❛❜❧②✱ ✐t ✐s ❞❡t❡❝t❡❞ q✉✐t❡ ❡❛r❧② ✐♥ t❤❡ ♦♥s❡t✳ ■♥st❡❛❞✱
❤✐❣❤ s❡♥s✐t✐✈✐t② ❝♦rr❡❧❛t❡s str♦♥❣❧② ✇✐t❤ r❡❞✉❝❡❞ ❧❛t❡♥❝②✳ P❛rt✐❝✉❧❛r❧②✱ t❤❡
s❡t ♦❢ ❞❡t❡❝t♦rs ✇✐t❤ t❤❡ ❤✐❣❤❡st ❞❡❣r❡❡ ♦❢ s❡♥s✐t✐✈✐t② ❞✐s♣❧❛② ✐❞❡♥t✐❝❛❧ ♦r
♥❡❛r❧②✲✐❞❡♥t✐❝❛❧ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝✐❡s ❢♦r ❛ ❣✐✈❡♥ ✈♦t✐♥❣ s❝❤❡♠❡✳ ❋r♦♠ t❤✐s s❡t
✸✷
♦❢ ❞❡t❡❝t♦rs✱ t❤❡ ❞❡t❡❝t♦r ✇✐t❤ ❤✐❣❤❡st s❡♥s✐t✐✈✐t②✱ ❧♦✇❡st ❧❛t❡♥❝②✱ ❛♥❞ ❧♦✇❡st
❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡ ✐s s❡❧❡❝t❡❞✳
❋✐rst✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡ ✇✐❧❧ ❜❡
❝♦♠♣❛r❡❞ t♦ t❤❛t ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❬✷✽❪ ✇✐t❤ ❛ ❢❡✇ ❝❛s❡
st✉❞✐❡s ❢r♦♠ t❤❡ s❛♠❡ ❞❛t❛ s❡t✳ ❚❤❡♥✱ ❞❡t❡❝t✐♦♥ r❡s✉❧ts ♦♥ ♥❡✇ ❞❛t❛ ✇✐❧❧ ❜❡
♣r❡s❡♥t❡❞ ❛♥❞ ❛♥❛❧②③❡❞✳
✺✳✶ ❉❡t❡❝t♦r P❡r❢♦r♠❛♥❝❡
❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❞❡t❡❝t♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐❧❧ ✜rst ❜❡ ❜❡♥❝❤♠❛r❦❡❞
❛❣❛✐♥st t❤❡ r❡s✉❧ts ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❬✷✽❪✳ ❆❢t❡r ❞✐s❝✉ss✐♥❣
t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ♣❡r❢♦r♠❛♥❝❡✱ ❞❡t❡❝t✐♦♥ r❡s✉❧ts ♦♥ ♣r❡✈✐♦✉s❧② ✉♥♣✉❜❧✐s❤❡❞
❞❛t❛ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛♥❞ ❞✐s❝✉ss❡❞✳ ❚❤❡ r❡s✉❧ts ♣r♦❝❡ss ❤❛s ❛ ❢❡✇ ♣❛r❛♠✲
❡t❡rs ♦❢ ✐ts ♦✇♥ t♦ ❦❡❡♣ ✐♥ ♠✐♥❞ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❙❱▼ ❞❡t❡❝t♦r✬s ✈❛r✐♦✉s
♣❛r❛♠❡t❡rs✳
❆s ❞✐s❝✉ss❡❞ ✐♥ ✸✳✺✱ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ✐♥t❡r❡st✐♥❣ ♣❛r❛♠❡t❡rs t♦ ❝♦♥tr♦❧
t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❞❡t❡❝t♦r❀ ♠ ✐s t❤❡ ♥✉♠❜❡r ♦❢ s❛♠♣❧❡s ✈♦t✐♥❣✱ ♥ ✐s
t❤❡ ♥✉♠❜❡r ♦❢ ✈♦t❡s t♦ ♣❛ss✱ ❥ ✐s t❤❡ ♣r❡✲♦♥s❡t ❞❡t❡❝t✐♦♥ ✇✐♥❞♦✇✱ ❦ ✐s t❤❡
♣♦st✲♦✛s❡t ❞❡t❡❝t✐♦♥ ✇✐♥❞♦✇✱ ❛♥❞ ♣ ✐s t❤❡ ❝♦♦❧❞♦✇♥ t✐♠❡r ❞✉r❛t✐♦♥✳ ❚❤❡
r❡s✉❧ts ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ✇✐❧❧ ✉s❡ ❛♥❞ ❞✐s❝✉ss ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ♥ ❛♥❞
♠✱ ❜✉t t❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ✇❡r❡ ✜①❡❞ ❢♦r ❛❧❧ ♣r❡s❡♥t❡❞ r✉♥s✳ P❛r❛♠❡t❡r
❥ ✇❛s ✶✷✵ s❡❝♦♥❞s✳ P❛r❛♠❡t❡r ❦ ✇❛s ✸✵ s❡❝♦♥❞s✳ P❛r❛♠❡t❡r ♣ ✇❛s ✶✻✵ s❡❝♦♥❞s✳
✺✳✶✳✶ ❘❡❢❡r❡♥❝❡ ❈♦♠♣❛r✐s♦♥
❚❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✬s r❡s✉❧ts ✇❡r❡ ❛❝q✉✐r❡❞ ❛❣❛✐♥st t❤❡ P❤②s✐♦◆❡t
❈❍❇▼■❚ ❞❛t❛❜❛s❡ ❬✶✺❪❀ t❤✐s ✐s ❛ ♣✉❜❧✐❝❧②✲❛✈❛✐❧❛❜❧❡ ❞❛t❛❜❛s❡ ♦❢ ♦✈❡r ✻✵✵ ❤♦✉rs
♦❢ ❊❊● r❡❝♦r❞✐♥❣s ❝♦♥t❛✐♥✐♥❣ ✶✾✷ s❡✐③✉r❡s ❛❝r♦ss ✷✸ s✉❜❥❡❝ts✳ ❋r♦♠ t❤✐s
❞❛t❛❜❛s❡✱ ♣❛t✐❡♥ts ✶✱ ✷✱ ✸✱ ✻✱ ✼✱ ✽✱ ❛♥❞ ✷✸ ✇❡r❡ s❡❧❡❝t❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥s✳ ❚❤✐s
s❡❧❡❝t✐♦♥ ✇❛s ❧❛r❣❡❧② ❛ ❢✉♥❝t✐♦♥ ♦❢ ✇❤✐❝❤ ♣❛t✐❡♥ts ❤❛❞ ❊❉❋ ✜❧❡s t❤❛t ✇♦r❦❡❞
✸✸
❋✐❣✉r❡ ✶✶✿ P❡r❝❡♥t❛❣❡ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞
✇✐t❤ ♦✉r ❧♦❛❞✐♥❣ ❧✐❜r❛r② ❛♥❞ ❞✐❞ ♥♦t ❤❛✈❡ ❝❤❛♥♥❡❧ ❝♦♥✜❣✉r❛t✐♦♥ ❛❞❥✉st♠❡♥ts
❞✉r✐♥❣ t❤❡ r❡❝♦r❞✐♥❣ ♣r♦❝❡ss✱ ✇❤✐❝❤ ✇♦✉❧❞ r❡q✉✐r❡ ❛❞❞✐t✐♦♥❛❧ ♣r❡♣r♦❝❡ss✐♥❣ t♦
❛❧✐❣♥ t❤❡ ❝❤❛♥♥❡❧s ❛❝r♦ss ❛❧❧ r❡❝♦r❞✐♥❣s✳ ❚❤❡s❡ ✼ ♣❛t✐❡♥ts ❛❞❡q✉❛t❡❧② ❡st❛❜❧✐s❤
❛ ❜❛s❡❧✐♥❡ ❧❡✈❡❧ ♦❢ ♣❡r❢♦r♠❛♥❝❡ ❛❣❛✐♥st t❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ✇❤✐❧❡
t❤❡ ❛❞❞✐t✐♦♥❛❧ r❡s✉❧ts ♦♥ ♥❡✇ ❞❛t❛ ❢✉rt❤❡r ❞❡♠♦♥str❛t❡ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ❛♥❞
❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❞❡s✐❣♥✳
❋✐rst✱ t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❞❡t❡❝t❡❞ s❡✐③✉r❡s ✐s ❞✐s♣❧❛②❡❞ ✐♥ ✜❣✉r❡ ✶✶✳ ❚❤❡
❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦♠♣❛r❡s ❢❛✈♦r❛❜❧② t♦ t❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥❬✷✽❪
❜② ❞❡t❡❝t✐♥❣ ❛❧❧ ♦❢ t❤❡ s❡✐③✉r❡s ✐♥ t❤❡ s✉❜s❡t❀ t❤❡ r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥
♠✐ss❡❞ ♦♥❡✳ ❚❤✐s ✐s s❧✐❣❤t❧② ❜❡tt❡r t❤❛♥ t❤❡ ♦✈❡r❛❧❧ ✾✻✪ ❞❡t❡❝t✐♦♥ r❛t❡ ❡st❛❜✲
❧✐s❤❡❞ ✐♥ ❬✷✽❪✳
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ❢❛❧s❡ ♣♦s✐t✐✈❡s ❞❡❝❧❛r❡❞ ♣❡r ✷✹ ❤♦✉rs ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✶✷✳
❚❤❡ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣❡r❢♦r♠s ❡①❝❡♣t✐♦♥❛❧❧② ✇❡❧❧ ♦♥ ❛✈❡r❛❣❡✱ ✇✐t❤
✸✹
❋✐❣✉r❡ ✶✷✿ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ✷✹ ❤♦✉rs
❥✉st ♦♥❡ ♣❛t✐❡♥t ❞✐s♣❧❛②✐♥❣ ❛♥② ❢❛❧s❡ ♣♦s✐t✐✈❡s ❛t ❛❧❧✳ ❚❤✐s ♦✉t❧✐❡r ✐s ❞✐s♣❧❛②s
✼ ❢❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ✷✹ ❤♦✉rs✱ ❣✐✈✐♥❣ ❛♥ ❛✈❡r❛❣❡ ♦❢ ✶ ❢❛❧s❡ ♣♦s✐t✐✈❡ ♣❡r ✷✹
❤♦✉rs✳
❉❡t❡❝t✐♦♥ ❧❛t❡♥❝✐❡s✱ ❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✶✸✱ ❛r❡ ❡①tr❡♠❡❧② ❝♦♠♣❡t✐t✐✈❡✳ ❚❤❡
r❡❢❡r❡♥❝❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛❞ ❛♥ ❛✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ ✸✳✸✾ s❡❝♦♥❞s✱
✇❤✐❧❡ t❤❡ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛❞ ❛♥ ❛✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ ✸✳✺✹
s❡❝♦♥❞s✳
❖✉r ❡♠❜❡❞❞❡❞ ❞❡t❡❝t♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛s ❞❡♠♦♥str❛t❡❞ ❝♦♠♣❡t✐t✐✈❡
❞❡t❡❝t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ✐♥ t❤❡ ❝❛t❡❣♦r✐❡s ♦❢ s❡♥s✐t✐✈✐t②✱ s♣❡❝✐✜❝✐t②✱ ❛♥❞ ❧❛t❡♥❝②✳
❖✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛❝❝♦♠♣❧✐s❤❡❞ s✉♣❡r✐♦r s❡♥s✐t✐✈✐t② ❛♥❞ s♣❡❝✐✜❝✐t② ❛t t❤❡
❝♦st ♦❢ ✵✳✶✺ s❡❝♦♥❞s ♦❢ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝②✳
✸✺
❋✐❣✉r❡ ✶✸✿ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝✐❡s
✸✻
✺✳✶✳✷ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ❘❡s✉❧ts
❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✐s ❛ ♣❛✐r ♦❢ ❞❛t❛❜❛s❡s t❤❛t ❝❛♥ ❜❡ ❧✐❝❡♥s❡❞
❜② r❡s❡❛r❝❤ ♦r❣❛♥✐③❛t✐♦♥s ❬✷✷❪✳ ❚❤❡r❡ ❛r❡ t✇♦ ❞❛t❛❜❛s❡s ♦❢ s❡✐③✉r❡ ❞❛t❛❀
♦♥❡ ❞❛t❛❜❛s❡ ❢❡❛t✉r❡s ✐♥tr❛❝r❛♥✐❛❧ r❡❝♦r❞✐♥❣s✱ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❤❛s s✉r❢❛❝❡
r❡❝♦r❞✐♥❣s✳ ❋r♦♠ t❤❡ s❝❛❧♣ ❞❛t❛❜❛s❡✱ ✶✽ ♣❛t✐❡♥ts ✇✐t❤ ✶✻✼ s❡✐③✉r❡s ✐♥ ✷✱✻✽✷
❤♦✉rs ♦❢ ❞❛t❛ ✇❡r❡ ✉s❡❞✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✶✷ ♣❛t✐❡♥ts ✇❡r❡ ♥♦t ✉s❡❞ ❛t t❤✐s
t✐♠❡ ❞✉❡ t♦ t✐♠❡ ❝♦♥str❛✐♥ts✳ ❆ ♥♦t❛❜❧❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤✐s ❞❛t❛ ❛♥❞ t❤❡
❈❍❇▼■❚ ❞❛t❛ ✐s t❤❡ r❡❧❛t✐✈❡ ❢r❡q✉❡♥❝② ♦❢ s❡✐③✉r❡s✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
❉❛t❛❜❛s❡ ❤❛s r♦✉❣❤❧② ✶ s❡✐③✉r❡ ♣❡r ✶✻ ❤♦✉rs ♦❢ ❞❛t❛✱ ✇❤✐❧❡ t❤❡ ❈❍❇▼■❚
❞❛t❛❜❛s❡ ❤❛s r♦✉❣❤❧② ✶ s❡✐③✉r❡ ♣❡r ✸ ❤♦✉rs ♦❢ ❞❛t❛✳ ❚❤❡ ❛✈❡r❛❣❡ r❡❝♦r❞✐♥❣
❞✉r❛t✐♦♥ ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡ ✐s ✶✺✵ ❤♦✉rs✱
✇❤✐❧❡ t❤❡ ❛✈❡r❛❣❡ ❞✉r❛t✐♦♥ ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ✐♥ t❤❡ ❈❍❇▼■❚ ❞❛t❛❜❛s❡ ✐s ✷✻
❤♦✉rs✳
❖♥❡ ♦❢ t❤❡ ❢❛❝t♦rs ✐♥ t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡ss ✐s t❤❡ ♣❛r❛♠❡t❡r ❆ ♦❢ t❤❡ tr❛✐♥❡r✳
❆s ♠❡♥t✐♦♥❡❞ ✐♥ ✸✳✸✱ t❤✐s ❞❡❝✐♠❛t✐♦♥ ❢❛❝t♦r ✇❛s ❛ ❝♦♥st❛♥t ✸✵ ❢♦r t❤❡ ❈❍❇✲
▼■❚ ❞❛t❛❜❛s❡✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡✱ t❤❡r❡ ✐s ♦✈❡r
✺ t✐♠❡s ♠♦r❡ ♥♦♥✲s❡✐③✉r❡ ❞❛t❛ ❢♦r ❡❛❝❤ s❡✐③✉r❡✳ ■♥✐t✐❛❧ r❡s✉❧ts ✇✐t❤ ❛♥ ❆ ♦❢
✸✵ ✇❡r❡ ♠❡❞✐♦❝r❡✱ s♦ ✈❛r②✐♥❣ t❤✐s ❞❡❝✐♠❛t✐♦♥ ❢❛❝t♦r ✇❛s ❡①♣❧♦r❡❞✳ ❋✐rst✱ t❤❡
r❡s✉❧ts ❢♦r ❛ ❞❡❝✐♠❛t✐♦♥ ❢❛❝t♦r ♦❢ ✼✺✵ ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤✐s ❤✐❣❤ ❞❡❝✐♠❛t✐♦♥
❢❛❝t♦r s❛❝r✐✜❝❡s s♦♠❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ❢♦r ❤✐❣❤❡r tr❛✐♥✐♥❣ s♣❡❡❞✱ ❞✉❡ t♦
t❤❡ ❤✐❣❤❧② r❡❞✉❝❡❞ ❞❛t❛s❡t ❜❡✐♥❣ ❤❛♥❞❧❡❞✳ ■♥ ❣❡♥❡r❛❧✱ ❤♦✇❡✈❡r✱ t❤✐s ❞❡❝✐♠❛✲
t✐♦♥ s❝❤❡♠❡ ✐s ✈❡r② ❧✐❦❡❧② t♦ ♠✐ss ♦✉t❧✐❡rs ✐♥ t❤❡ ♥♦♥s❡✐③✉r❡ ❢❡❛t✉r❡ s♣❛❝❡✱ ❛s
t❤❡s❡ ♦✉t❧✐❡rs ❛r❡ st❛t✐st✐❝❛❧❧② ✉♥❝♦♠♠♦♥✳ ❆❧❧ ♦❢ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ❤❡r❡
✇✐❧❧ ❜❡ ✇✐t❤ ✈❛r✐♦✉s ❞❡❝✐♠❛t✐♦♥ ❢❛❝t♦rs ❆✱ ❜✉t ✐t ✐s ❤②♣♦t❤❡s✐③❡❞ t❤❛t ❛ ♠♦r❡
r♦❜✉st ❢❡❛t✉r❡ s♣❛❝❡ r❡❞✉❝t✐♦♥ ❛❧❣♦r✐t❤♠✱ s✉❝❤ ❛s t❤♦s❡ ♣r❡s❡♥t❡❞ ✐♥ ❬✹✵✱ ✹✶❪✱
✇♦✉❧❞ ✐♠♣r♦✈❡ ❞❡t❡❝t♦r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ tr❛✐♥✐♥❣ t✐♠❡✳
❚❤❡ ❘❖❈ ❝✉r✈❡✱ ♦r r❡❝❡✐✈❡r ♦♣❡r❛t✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡✱ ✐♥ ✜❣✉r❡ ✶✹
❞✐s♣❧❛②s t❤❡ tr❛❞❡♦✛ ♦❢ s❡♥s✐t✐✈✐t② ❢♦r s♣❡❝✐✜❝✐t②✳ ■♥❝r❡❛s❡❞ s❡♥s✐t✐✈✐t② r❡s✉❧ts
✐♥ ❞❡❝r❡❛s❡❞ s♣❡❝✐✜❝✐t②✳ ❆ ♣❡r❢❡❝t ❞❡t❡❝t♦r ✇♦✉❧❞ ❤❛✈❡ ❛ ♣♦✐♥t ✐♥ t❤❡ t♦♣✲❧❡❢t
✸✼
❋✐❣✉r❡ ✶✹✿ ❘❖❈ ❝✉r✈❡ ♦❢ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ❆ ❂ ✼✺✵ ♦♥ t❤❡ ✶✽
♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✸✽
❝♦r♥❡r ✲ ❛ tr✉❡ ♣♦s✐t✐✈❡ r❛t❡ ♦❢ ✶ ✇✐t❤ ❛ ❢❛❧s❡ ♣♦s✐t✐✈❡ r❛t❡ ♦❢ ✵✳ ❚❤❡ ❡♠❜❡❞❞❡❞
✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞♦❡s ♥♦t ❛❝❤✐❡✈❡ ♣❡r❢❡❝t✐♦♥✱ ❜✉t ❞♦❡s ❡①❤✐❜✐t s✐❣♥✐✜❝❛♥t❧②
❤✐❣❤❡r t❤❛♥ r❛♥❞♦♠ ❝❤❛♥❝❡ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ ❞❛t❛♣♦✐♥ts ♦♥ t❤❡ ❘❖❈ ❝✉r✈❡
❝♦rr❡s♣♦♥❞ t♦ ❛ ✈❛r✐❡t② ♦❢ ♥ ♦✉t ♦❢ ♠ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥s✿ ✶ ♦✉t
♦❢ ✶✱ ✷ ♦✉t ♦❢ ✸✱ ✸ ♦✉t ♦❢ ✸✱ ✷ ♦✉t ♦❢ ✹✱ ✸ ♦✉t ♦❢ ✹✱ ✹ ♦✉t ♦❢ ✹✱ ✷ ♦✉t ♦❢ ✺✱
✸ ♦✉t ♦❢ ✺✱ ✹ ♦✉t ♦❢ ✺✱ ✺ ♦✉t ♦❢ ✺✱ ❛♥❞ ✶✵ ♦✉t ♦❢ ✶✵✳ ❚❤❡ ❡♥tr② ✇✐t❤ t❤❡
❧♦✇❡st ❡✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ t♦ t❤❡ ♣❡r❢❡❝t ❞❡t❡❝t♦r ✐s t❤❡ ✸ ♦✉t ♦❢ ✹ s❝❤❡♠❡✳
❆t t❤✐s t✐♠❡✱ ❛♥ ♦♣t✐♠❛❧ tr❛❞❡♦✛ ♦❢ s♣❡❝✐✜❝✐t② ❢♦r s❡♥s✐t✐✈✐t② ❤❛s ♥♦t ❜❡❡♥
❡st❛❜❧✐s❤❡❞✱ s♦ t❤❡ ❡✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ✇✐❧❧ ❜❡ ✉s❡❞✳
❚❤✐s ❞❡t❡❝t♦r ❛❝❤✐❡✈❡❞ ❛ ❞❡t❡❝t✐♦♥ r❛t❡✱ ♦r s❡♥s✐t✐✈✐t②✱ ♦❢ ✾✸✳✺✪ ❛♥❞ ❛
s♣❡❝✐✜❝✐t② ♦❢ ✽✺✳✺✪✳ ❚❤❡ ❛✈❡r❛❣❡ ❧❛t❡♥❝② ✇❛s ✹✳✾✾ s❡❝♦♥❞s✳ ❚❤❡ ❛✈❡r❛❣❡
❢❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ✇❛s ✸✳✽✵✳
❚❤❡ s❡♥s✐t✐✈✐t② ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✶✺✳ ❚❤❡ ❢❛❧s❡ ♣♦s✐✲
t✐✈❡s ♣❡r ❤♦✉r ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✶✻✳ ❚❤❡ ❛✈❡r❛❣❡ ❞❡t❡❝t✐♦♥
❧❛t❡♥❝② ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✶✼✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ❈❍❇▼■❚ r❡s✉❧ts✱ t❤❡s❡ r❡s✉❧ts
❛r❡ ❣❡♥❡r❛❧❧② ❧♦✇❡r✳ ❚❤❡ ❛✈❡r❛❣❡ ❧❛t❡♥❝② ✐s ✶✳✺ s❡❝♦♥❞s ❤✐❣❤❡r✱ t❤❡ s❡♥s✐t✐✈✲
✐t② ✐s ✻✳✺✪ ❧♦✇❡r✱ ❛♥❞ t❤❡ ❢❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ❛r❡ ✾✺ t✐♠❡s ❤✐❣❤❡r✳ ❚❤❡
❝❤❛♥❣❡s ✐♥ ❧❛t❡♥❝② ❛♥❞ s❡♥s✐t✐✈✐t② ❛r❡ ❛❝❝❡♣t❛❜❧② s♠❛❧❧✱ ❜✉t t❤❡ ❢❛❧s❡ ♣♦s✐t✐✈❡
r❛t❡ ✐s r❡❧❛t✐✈❡❧② ♣♦♦r✳ ■♥ t❤❡ ✐♥t❡r❡st ♦❢ ✐♠♣r♦✈✐♥❣ ✐t✱ t❤❡ ❞❡❝✐♠❛t✐♦♥ r❛t❡ ❆
♦❢ t❤❡ tr❛✐♥❡r ✇❛s ❝❤❛♥❣❡❞ ❢r♦♠ t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ ✈❛❧✉❡ ♦❢ ✼✺✵ t♦ ✾✵✳
✸✾
❋✐❣✉r❡ ✶✺✿ ❋r❛❝t✐♦♥ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞ ❜② t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹
❞❡t❡❝t♦r ♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✹✵
❋✐❣✉r❡ ✶✻✿ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ♦❢ t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹ ❞❡t❡❝t♦r
♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✹✶
❋✐❣✉r❡ ✶✼✿ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ t❤❡ ❆ ❂ ✼✺✵✱ ♥ ❂ ✸✱ ♠ ❂ ✹ ❞❡t❡❝t♦r
♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✹✷
❋✐❣✉r❡ ✶✽✿ ❘❖❈ ❝✉r✈❡ ♦❢ ❡♠❜❡❞❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ❆ ❂ ✾✵ ♦♥ t❤❡ ✶✽
♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
❚❤❡ ❆❂✼✺✵ r❡s✉❧ts ❞✐s♣❧❛②❡❞ str♦♥❣ s❡♥s✐t✐✈✐t② ❛♥❞ ❧❛t❡♥❝②✱ ❜✉t ✇❡❛❦
s♣❡❝✐✜❝✐t②✳ ❆♥ ❆ ✈❛❧✉❡ r❡❧❛t✐✈❡❧② ❝❧♦s❡r t♦ t❤❡ ♦r✐❣✐♥❛❧ ✈❛❧✉❡ ♦❢ ✸✵ ✇❛s s❛♠♣❧❡❞
♥❡①t✱ ❜❡❝❛✉s❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts ❝♦❧❧❡❝t❡❞ ✇✐t❤ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ ❆ ✈❛❧✉❡s
✐♥❞✐❝❛t❡❞ t❤❛t ❛ ❧♦✇❡r ❆ ✈❛❧✉❡ ✇♦✉❧❞ ②✐❡❧❞ ❤✐❣❤❡r s♣❡❝✐✜❝✐t② ✭❜✉t r❡❞✉❝❡❞
s❡♥s✐t✐✈✐t②✮ ❢♦r ❛ ❣✐✈❡♥ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥✳
❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡ ❢♦r ❛ ❣✐✈❡♥ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r
❝♦♠❜✐♥❛t✐♦♥ ❞♦❡s ♥♦t s❤✐❢t t❤❡ ❘❖❈ ❝✉r✈❡ ✐♥ ✜❣✉r❡ ✶✽ ❛s ❛ ✇❤♦❧❡✳ ■♥st❡❛❞✱
t❤❡ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥s ❛r❡ s❤✐❢t❡❞ ❛❧♦♥❣ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ ♦r✐❣✲
✐♥❛❧ ❝✉r✈❡✱ s✉❝❤ t❤❛t t❤❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ✐s t❤❡ s❛♠❡ ❡✈❡♥ t❤♦✉❣❤ ❛♥
✐♥❞✐✈✐❞✉❛❧ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥✬s ♣❡r❢♦r♠❛♥❝❡ ❤❛s ❝❤❛♥❣❡❞✳ ❚❤❡ ♥
♦✉t ♦❢ ♠ ✈♦t✐♥❣ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥s ✉s❡❞ ✐♥ t❤✐s ❘❖❈ ❝✉r✈❡ ✇❡r❡ ✶ ♦✉t
♦❢ ✶✱ ✷ ♦✉t ♦❢ ✸✱ ✸ ♦✉t ♦❢ ✸✱ ✷ ♦✉t ♦❢ ✹✱ ✸ ♦✉t ♦❢ ✹✱ ✹ ♦✉t ♦❢ ✹✱ ✷ ♦✉t ♦❢ ✺✱ ✸ ♦✉t
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❋✐❣✉r❡ ✶✾✿ ❋r❛❝t✐♦♥ ♦❢ s❡✐③✉r❡s ❞❡t❡❝t❡❞ ❜② t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡t❡❝t♦r
♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
♦❢ ✺✱ ✹ ♦✉t ♦❢ ✺✱ ✺ ♦✉t ♦❢ ✺✱ ✷ ♦✉t ♦❢ ✻✱ ✸ ♦✉t ♦❢ ✻✱ ✷ ♦✉t ♦❢ ✼✱ ❛♥❞ ✸ ♦✉t ♦❢
✼✳ ✉s✐♥❣ t❤❡ s❛♠❡ ❡✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝✱ ❛ ❞❡t❡❝t♦r
✇✐t❤ ♥ ❂ ✷✱ ♠ ❂ ✺ ✇❛s s❡❧❡❝t❡❞ ❢♦r ❝❧♦s❡r ❡✈❛❧✉❛t✐♦♥✳
❚❤✐s ❞❡t❡❝t♦r ❛❝❤✐❡✈❡❞ ❛ s❡♥s✐t✐✈✐t② ♦❢ ✾✵✳✸✪ ❛♥❞ ❛ s♣❡❝✐✜❝✐t② ♦❢ ✽✼✳✼✪✳
❚❤❡ ❛✈❡r❛❣❡ ❧❛t❡♥❝② ✇❛s ✻✳✷✹ s❡❝♦♥❞s✳ ❚❤❡ ❛✈❡r❛❣❡ ❢❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r
✇❛s ✸✳✵✾✳
❚❤❡ s❡♥s✐t✐✈✐t② ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✶✾✳ ❚❤❡ ❢❛❧s❡ ♣♦s✐✲
t✐✈❡s ♣❡r ❤♦✉r ❢♦r ❡❛❝❤ ♣❛t✐❡♥t ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✷✵✳ ❚❤❡ ❛✈❡r❛❣❡ ❞❡t❡❝t✐♦♥
❧❛t❡♥❝② ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✷✶✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ❆ ❂ ✼✺✵ r❡s✉❧ts✱ t❤❡s❡ r❡s✉❧ts
s❤♦✇ ❛ s❧✐❣❤t tr❛❞❡♦✛ ♦❢ s❡♥s✐t✐✈✐t② ❛♥❞ ❧❛t❡♥❝② ❢♦r ✐♠♣r♦✈❡❞ s♣❡❝✐✜❝✐t②✳ ❙❡♥✲
s✐t✐✈✐t② ❞❡❝r❡❛s❡❞ ❜② ✷✳✷✪ ❛♥❞ ❛✈❡r❛❣❡ ❧❛t❡♥❝② ✐♥❝r❡❛s❡❞ ❜② ✶✳✷✺ s❡❝♦♥❞s✱ ❜✉t
t❤❡r❡ ✇❡r❡ ✵✳✼✶ ❢❡✇❡r ❢❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r✳
✹✹
❋✐❣✉r❡ ✷✵✿ ❋❛❧s❡ ♣♦s✐t✐✈❡s ♣❡r ❤♦✉r ♦❢ t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡t❡❝t♦r ♦♥
t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✹✺
❋✐❣✉r❡ ✷✶✿ ❆✈❡r❛❣❡ ❞❡t❡❝t✐♦♥ ❧❛t❡♥❝② ♦❢ t❤❡ ❆ ❂ ✾✵✱ ♥ ❂ ✷✱ ♠ ❂ ✺ ❞❡t❡❝t♦r
♦♥ t❤❡ ✶✽ ♣❛t✐❡♥ts s❡❧❡❝t❡❞ ❢r♦♠ ❚❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡
✹✻
❲❤✐❧❡ t❤❡ s♣❡❝✐✜❝✐t② ✐s ✐♠♣r♦✈❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ ❆ ❂ ✼✺✵ ❞❡t❡❝t♦r✱ ✐t ✐s
st✐❧❧ s✐❣♥✐✜❝❛♥t❧② ✇♦rs❡ t❤❛♥ t❤❡ ❈❍❇▼■❚ s♣❡❝✐✜❝✐t②✳ ❆t t❤✐s t✐♠❡✱ ✐t ✐s ❤②✲
♣♦t❤❡s✐③❡❞ t❤❛t ❛♥ ❛❧t❡r♥❛t✐✈❡ ♥♦♥✲s❡✐③✉r❡ ❢❡❛t✉r❡ ♣r❡✲s❡❧❡❝t✐♦♥ ♣r♦❝❡ss ❝♦✉❧❞
✐♠♣r♦✈❡ s♣❡❝✐✜❝✐t②✳ ❘❛t❤❡r t❤❛♥ ✉s❡ ❛ s♦♠❡✇❤❛t ❛r❜✐tr❛r② s✉❜s❡t ♦❢ t❤❡ ♥♦♥✲
s❡✐③✉r❡ ❢❡❛t✉r❡ s♣❛❝❡✱ ❛ ❣r♦✇✐♥❣ ♥❡✉r❛❧ ❣❛s✱ s✉❝❤ ❛s ✐♥ ❬✹✵✱ ✹✶❪✱ ❝♦✉❧❞ ❤❡❧♣
❜❡tt❡r ❡①♣r❡ss t❤❡ ♥♦♥✲s❡✐③✉r❡ ❢❡❛t✉r❡ s♣❛❝❡✳ ■♥ t❤❡ ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥✱
✐♥❝r❡❛s✐♥❣ ❆ ❞❡❝r❡❛s❡s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ s❡❧❡❝t✐♥❣ ✉♥✉s✉❛❧ ♥♦♥✲s❡✐③✉r❡ ❢❡❛✲
t✉r❡s✱ s✉❝❤ ❛s ♠✉s❝❧❡ ❛rt✐❢❛❝ts✱ ♠❡❝❤❛♥✐❝❛❧ ✐♥t❡r❢❛❝❡ ❛rt✐❢❛❝ts✱ ♦r ✐♥t❡r✲✐❝t❛❧
s♣✐❦❡s✱ ❢♦r t❤❡ ♥♦♥✲s❡✐③✉r❡ tr❛✐♥✐♥❣ s♣❛❝❡✳ ❚❤❡s❡ ❢❡❛t✉r❡s ♠❛② t❤❡♥ ❜❡ ❡❛s✐❧②
♠✐s❝❧❛ss✐✜❡❞ ❛s s❡✐③✉r❡s ❞✉r✐♥❣ t❤❡ ❞❡t❡❝t✐♦♥ ♣r♦❝❡ss✳
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✻ ❈♦♥❝❧✉s✐♦♥
❲❡ ❤❛✈❡ s✉❝❝❡ss❢✉❧❧② ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❞❡♣❧♦②❡❞ ❛♥ ❡♠❜❡❞❞❡❞ ❛♠❜✉❧❛t♦r② ❊❊●
r❡❝♦r❞✐♥❣ ♣❧❛t❢♦r♠✳ ❲❡ ❤❛✈❡ ❛❧s♦ s✉❝❝❡ss❢✉❧❧② ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞ ❛♥
❡♠❜❡❞❞❡❞ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ❛❧❣♦r✐t❤♠✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ❡①❝❡❡❞s t❤❡ ❜❛s❡❧✐♥❡
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❞❡s✐❣♥ ❡st❛❜❧✐s❤❡❞ ✐♥ ❬✷✾✱ ✷✽❪ ❛❣❛✐♥st t❤❡ s❛♠❡ ♣❛t✐❡♥t
❞❛t❛s❡t✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ❛❧s♦ ❞✐s♣❧❛②s ❤✐❣❤ s❡♥s✐t✐✈✐t② ❛♥❞ ❧♦✇ ❧❛t❡♥❝② ❝❤❛r✲
❛❝t❡r✐st✐❝s ❛❣❛✐♥st t❤❡ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s② ❉❛t❛❜❛s❡✱ ❜✉t
✇✐t❤ r❡❞✉❝❡❞ s♣❡❝✐✜❝✐t② r❡❧❛t✐✈❡ t♦ t❤❡ ❈❍❇▼■❚ ❞❛t❛❜❛s❡✳ ■t ✐s ❤②♣♦t❤❡✲
s✐③❡❞ t❤❛t ❛♥ ✐♠♣r♦✈❡❞ ♥♦♥✲s❡✐③✉r❡ ❢❡❛t✉r❡ s♣❛❝❡ s❡❧❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ ✇♦✉❧❞
✐♠♣r♦✈❡ t❤✐s s♣❡❝✐✜❝✐t②✳
■♥ ❛❞❞✐t✐♦♥ t♦ ❡♥❤❛♥❝✐♥❣ t❤❡ ❢❡❛t✉r❡ s♣❛❝❡ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ ❝❧❛ss✐✜❡r✱ t❤❡r❡
❛r❡ ❛❞❞✐t✐♦♥❛❧ ❞❛t❛s❡ts t♦ ♣r♦❝❡ss✳ ❆❞❞✐t✐♦♥❛❧ ❞❛t❛ ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ❊♣✐❧❡♣s②
❉❛t❛❜❛s❡ st✐❧❧ ♥❡❡❞s t♦ ❜❡ ❡✈❛❧✉❛t❡❞✱ ❛♥❞ t❤❡r❡ ✐s ❛♥♦t❤❡r ✷✵ ♣❛t✐❡♥t ❞❛t❛❜❛s❡
❝♦♠✐♥❣ ❢r♦♠ ❇♦st♦♥ ❈❤✐❧❞r❡♥✬s ❍♦s♣✐t❛❧✳ ❚❤❡s❡ ❞❛t❛s❡ts ✇✐❧❧ ❜❡ ❡✈❛❧✉❛t❡❞
✇✐t❤ ❢✉t✉r❡ r❡✈✐s✐♦♥s ♦❢ t❤❡ ❛❧❣♦r✐t❤♠ ❛♥❞ s②st❡♠ ❛s ❛ ✇❤♦❧❡✳
✹✽
❘❡❢❡r❡♥❝❡s
❬✶❪ ❆❘▼✳ ❆❘▼✶✶✼✻ Pr♦❝❡ss♦r ✲ ❤tt♣✿✴✴✇✇✇✳❛r♠✳❝♦♠✴♣r♦❞✉❝ts✴♣r♦❝❡s✲
s♦rs✴❝❧❛ss✐❝✴❛r♠✶✶✴❛r♠✶✶✼✻✳♣❤♣✳
❬✷❪ ●✉s ❆✳ ❇❛❦❡r✱ ❆♥♥ ❏❛❝♦❜②✱ ❉❡❜♦r❛❤ ❇✉❝❦✱ ❈❛r❧♦s ❙t❛❧❣✐s✱ ❛♥❞ ❉♦✲
♠✐♥✐q✉❡ ▼♦♥♥❡t✳ ◗✉❛❧✐t② ♦❢ ▲✐❢❡ ♦❢ P❡♦♣❧❡ ✇✐t❤ ❊♣✐❧❡♣s②✿ ❆ ❊✉r♦♣❡❛♥
❙t✉❞②✳ ❊♣✐❧❡♣s✐❛✱ ✸✽✭✸✮✿✸✺✸✕✸✻✷✱ ▼❛r❝❤ ✶✾✾✼✳
❬✸❪ ● ❇♦❞❡♥st❡✐♥ ❛♥❞ ❍ ▼ Pr❛❡t♦r✐✉s✳ ❋❡❛t✉r❡ ❡①tr❛❝t✐♦♥ ❢r♦♠ t❤❡ ❡❧❡❝✲
tr♦❡♥❝❡♣❤❛❧♦❣r❛♠ ❜② ❛❞❛♣t✐✈❡ s❡❣♠❡♥t❛t✐♦♥✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ■❊❊❊✱
✻✺✭✺✮✿✻✹✷✕✻✺✷✱ ✶✾✼✼✳
❬✹❪ P❛✉❧ ❇♦♦♥✱ ❑r✐st❧ ❱♦♥❝❦✱ ❱❡❡r❧❡ ❉❡ ❍❡r❞t✱ ❆♥♥❡❧✐❡s ❱❛♥ ❉②❝❦❡✱ ▼❛❛rt❡♥
●♦❡t❤❛❧s✱ ▲✉t ●♦♦ss❡♥s✱ ▼✐❝❤❡❧ ❱❛♥ ❩❛♥❞✐❥❝❦❡✱ ❚✐♠ ❉❡ ❙♠❡❞t✱ ■s❛❜❡❧❧❡
❉❡✇❛❡❧❡✱ ❘✐❦ ❆❝❤t❡♥✱ ❲②ts❡ ❲❛❞♠❛♥✱ ❋r❛♥❦ ❉❡✇❛❡❧❡✱ ❏❛❝q✉❡s ❈❛❡✲
♠❛❡rt✱ ❛♥❞ ❉✐r❦ ❱❛♥ ❘♦♦st✳ ❉❡❡♣ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥ ✐♥ P❛t✐❡♥ts ✇✐t❤
❘❡❢r❛❝t♦r② ❚❡♠♣♦r❛❧ ▲♦❜❡ ❊♣✐❧❡♣s②✳ ❊♣✐❧❡♣s✐❛✱ ✹✽✭✽✮✿✶✺✺✶✕✶✺✻✵✱ ▼❛r❝❤
✷✵✵✼✳
❬✺❪ ❇❊ ❇♦s❡r✱ ■▼ ●✉②♦♥✱ ❛♥❞ ❱◆ ❱❛♣♥✐❦✳ ❆ tr❛✐♥✐♥❣ ❛❧❣♦r✐t❤♠ ❢♦r ♦♣t✐♠❛❧
♠❛r❣✐♥ ❝❧❛ss✐✜❡rs✳ ✳ ✳ ✳ ♦❢ t❤❡ ✜❢t❤ ❛♥♥✉❛❧ ✇♦r❦s❤♦♣ ♦♥ ✳ ✳ ✳ ✱ ✶✾✾✷✳
❬✻❪ ❈❈ ❈❤❛♥❣ ❛♥❞ ❈❏ ▲✐♥✳ ▲■❇❙❱▼✿ ❛ ❧✐❜r❛r② ❢♦r s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✳
❆❈▼ ❚r❛♥s❛❝t✐♦♥s ♦♥ ■♥t❡❧❧✐❣❡♥t ❙②st❡♠s ❛♥❞ ✳ ✳ ✳ ✱ ✷✭✸✮✿✷✼✿✶✕✷✼✿✷✼✱
✷✵✶✶✳
❬✼❪ ❍ ❈❤♦✐✱ ▼ ❘ ❲✐♥❛✇❡r✱ ❙ ❑❛❧❛❝❤✐❦♦✈✱ ❚ ❆ P❡❞❧❡②✱ ❲ ❆ ❍❛✉s❡r✱ ❛♥❞
❘ ❖tt♠❛♥✳ ❈❧❛ss✐✜❝❛t✐♦♥ ♦❢ ♣❛rt✐❛❧ s❡✐③✉r❡ s②♠♣t♦♠s ✐♥ ❣❡♥❡t✐❝ st✉❞✐❡s
♦❢ t❤❡ ❡♣✐❧❡♣s✐❡s✳ ◆❡✉r♦❧♦❣②✱ ✻✻✭✶✶✮✿✶✻✹✽✕✶✻✺✸✱ ✷✵✵✻✳
❬✽❪ ■s❛ ❈♦♥r❛❞s❡♥✱ ❙á♥❞♦r ❇❡♥✐❝③❦②✱ ❛♥❞ P❡t❡r ❲♦❧❢✳ ❆✉t♦♠❛t✐❝ ♠✉❧t✐✲
♠♦❞❛❧ ✐♥t❡❧❧✐❣❡♥t s❡✐③✉r❡ ❛❝q✉✐s✐t✐♦♥ ✭▼■❙❆✮ s②st❡♠ ❢♦r ❞❡t❡❝t✐♦♥ ♦❢ ♠♦✲
✹✾
t♦r s❡✐③✉r❡s ❢r♦♠ ❡❧❡❝tr♦♠②♦❣r❛♣❤✐❝ ❞❛t❛ ❛♥❞ ♠♦t✐♦♥ ❞❛t❛✳ ❈♦♠♣✉t❡r
♠❡t❤♦❞s ❛♥❞ ✳ ✳ ✳ ✱ ■♥ Pr❡ss✱✭✷✮✿✶✕✶✹✱ ❆✉❣✉st ✷✵✶✷✳
❬✾❪ ❈ ❈♦rt❡s ❛♥❞ ❱ ❱❛♣♥✐❦✳ ❙✉♣♣♦rt✲✈❡❝t♦r ♥❡t✇♦r❦s✳ ▼❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✱
✶✾✾✺✳
❬✶✵❪ ❘❏ ❈r♦❢t ❛♥❞ ❘❏ ❇❛rr②✳ ❘❡♠♦✈❛❧ ♦❢ ♦❝✉❧❛r ❛rt✐❢❛❝t ❢r♦♠ t❤❡ ❊❊●✿ ❛
r❡✈✐❡✇✳ ◆❡✉r♦♣❤②s✐♦❧♦❣✐❡ ❈❧✐♥✐q✉❡✴❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✸✵✭✶✮✿✺✕✶✾✱
✷✵✵✵✳
❬✶✶❪ ❆♥❞r❡✇ ❈③❛r♥❡❝❦✐✳ ❊✣❝✐❡♥t ✐♥❞✉❝t✐✈❡❧② ❝♦✉♣❧❡❞ r❡s♦♥❛♥t ♣♦✇❡r tr❛♥s❢❡r
❢♦r ❛♥ ✐♠♣❧❛♥t❛❜❧❡ ❡❧❡❝tr♦❡♥❝❡♣❤❛❧♦❣r❛♣❤② r❡❝♦r❞✐♥❣ ❞❡✈✐❝❡✳ P❤❉ t❤❡s✐s✱
◆♦rt❤❡❛st❡r♥ ❯♥✐✈❡rs✐t②✱ ✷✵✶✷✳
❬✶✷❪ ❊♣✐❧❡♣s②❢♦✉♥❞❛t✐♦♥✳♦r❣✳ ❊♣✐❧❡♣s② ■♥❝✐❞❡♥❝❡ ❛♥❞ Pr❡✈❛❧❡♥❝❡✱ ✷✵✶✸✳
❬✶✸❪ ▼ ● ❋r❡✐✳ ❙❡✐③✉r❡ ❞❡t❡❝t✐♦♥✳ ❙❝❤♦❧❛r♣❡❞✐❛✱ ✽✭✸✮✿✺✼✽✵✱ ✷✵✶✸✳
❬✶✹❪ ▼✳ ❋r✐❣♦ ❛♥❞ ❙✳●✳ ❏♦❤♥s♦♥✳ ❚❤❡ ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❋❋❚❲✸✳
Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ■❊❊❊✱ ✾✸✭✷✮✿✷✶✻✕✷✸✶✱ ❋❡❜r✉❛r② ✷✵✵✺✳
❬✶✺❪ ❛✳ ▲✳ ●♦❧❞❜❡r❣❡r✱ ▲✳ ❛✳ ◆✳ ❆♠❛r❛❧✱ ▲✳ ●❧❛ss✱ ❏✳ ▼✳ ❍❛✉s❞♦r✛✱ P✳ ❈❤✳
■✈❛♥♦✈✱ ❘✳ ●✳ ▼❛r❦✱ ❏✳ ❊✳ ▼✐❡t✉s✱ ●✳ ❇✳ ▼♦♦❞②✱ ❈✳✲❑✳ P❡♥❣✱ ❛♥❞ ❍✳ ❊✳
❙t❛♥❧❡②✳ P❤②s✐♦❇❛♥❦✱ P❤②s✐♦❚♦♦❧❦✐t✱ ❛♥❞ P❤②s✐♦◆❡t ✿ ❈♦♠♣♦♥❡♥ts ♦❢ ❛
◆❡✇ ❘❡s❡❛r❝❤ ❘❡s♦✉r❝❡ ❢♦r ❈♦♠♣❧❡① P❤②s✐♦❧♦❣✐❝ ❙✐❣♥❛❧s✳ ❈✐r❝✉❧❛t✐♦♥✱
✶✵✶✭✷✸✮✿❡✷✶✺✕❡✷✷✵✱ ❏✉♥❡ ✷✵✵✵✳
❬✶✻❪ ■■ ●♦♥❝❤❛r♦✈❛ ❛♥❞ ❉❏ ▼❝❋❛r❧❛♥❞✳ ❊▼● ❝♦♥t❛♠✐♥❛t✐♦♥ ♦❢ ❊❊●✿ s♣❡❝✲
tr❛❧ ❛♥❞ t♦♣♦❣r❛♣❤✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❈❧✐♥✐❝❛❧ ✳ ✳ ✳ ✱ ✶✶✹✭✾✮✿✶✺✽✵✕✶✺✾✸✱
❙❡♣t❡♠❜❡r ✷✵✵✸✳
❬✶✼❪ ●♦♦❣❧❡✳ Pr♦t♦❝♦❧ ❇✉✛❡rs ✲ ❤tt♣s✿✴✴❝♦❞❡✳❣♦♦❣❧❡✳❝♦♠✴♣✴♣r♦t♦❜✉❢✴✳
✺✵
❬✶✽❪ ❇r ●r❡❡♥❡✱ ●❜ ❇♦②❧❛♥✱ ❛♥❞ ❘❜ ❘❡✐❧❧②✳ ❈♦♠❜✐♥❛t✐♦♥ ♦❢ ❊❊● ❛♥❞
❊❈● ❢♦r ✐♠♣r♦✈❡❞ ❛✉t♦♠❛t✐❝ ♥❡♦♥❛t❛❧ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥✳ ❈❧✐♥✐❝❛❧ ✳ ✳ ✳ ✱
✶✶✽✭✻✮✿✶✸✹✽✕✺✾✱ ❏✉♥❡ ✷✵✵✼✳
❬✶✾❪ ❍ ❍❛❧❧❡③ ❛♥❞ ▼ ❉❡ ❱♦s✳ ❘❡♠♦✈✐♥❣ ♠✉s❝❧❡ ❛♥❞ ❡②❡ ❛rt✐❢❛❝ts ✉s✐♥❣ ❜❧✐♥❞
s♦✉r❝❡ s❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡s ✐♥ ✐❝t❛❧ ❊❊● s♦✉r❝❡ ✐♠❛❣✐♥❣✳ ❈❧✐♥✐❝❛❧ ✳ ✳ ✳ ✱
✶✷✵✭✼✮✿✶✷✻✷✕✶✷✼✷✱ ❏✉❧② ✷✵✵✾✳
❬✷✵❪ ❈❤r✐st✐❛♥ ❍♦♣♣❡✱ ❆♥♥❦❛t❤r✐♥ P♦❡♣❡❧✱ ❛♥❞ ❈❊ ❊❧❣❡r✳ ❊♣✐❧❡♣s②✿ ❛❝❝✉r❛❝②
♦❢ ♣❛t✐❡♥t s❡✐③✉r❡ ❝♦✉♥ts✳ ❆r❝❤✐✈❡s ♦❢ ♥❡✉r♦❧♦❣②✱ ✻✹✭✶✶✮✿✶✺✾✺✕✶✺✾✾✱ ✷✵✵✼✳
❬✷✶❪ ❈❲ ❍s✉✱ ❈❈ ❈❤❛♥❣✱ ❛♥❞ ❈❏ ▲✐♥✳ ❆ ♣r❛❝t✐❝❛❧ ❣✉✐❞❡ t♦ s✉♣♣♦rt ✈❡❝t♦r
❝❧❛ss✐✜❝❛t✐♦♥✳ ✶✭✶✮✿✶✕✶✻✱ ✷✵✵✸✳
❬✷✷❪ ▼❛tt❤✐❛s ■❤❧❡✱ ❍✐♥♥❡r❦ ❋❡❧❞✇✐s❝❤✲❉r❡♥tr✉♣✱ ❈és❛r ❆ ❚❡✐①❡✐r❛✱ ❆❞r✐❡♥
❲✐t♦♥✱ ❇❥ör♥ ❙❝❤❡❧t❡r✱ ❏❡♥s ❚✐♠♠❡r✱ ❛♥❞ ❆♥❞r❡❛s ❙❝❤✉❧③❡✲❇♦♥❤❛❣❡✳
❊P■▲❊P❙■❆❊ ✲ ❛ ❊✉r♦♣❡❛♥ ❡♣✐❧❡♣s② ❞❛t❛❜❛s❡✳ ❈♦♠♣✉t❡r ♠❡t❤♦❞s ❛♥❞
♣r♦❣r❛♠s ✐♥ ❜✐♦♠❡❞✐❝✐♥❡✱ ✶✵✻✭✸✮✿✶✷✼✕✸✽✱ ❏✉♥❡ ✷✵✶✷✳
❬✷✸❪ ❑✉❛♥✲▼✐♥❣ ▲✐♥ ❛♥❞ ❈❤✐❤✲❏❡♥ ▲✐♥✳ ❆ st✉❞② ♦♥ r❡❞✉❝❡❞ s✉♣♣♦rt ✈❡❝t♦r
♠❛❝❤✐♥❡s✳ ■❊❊❊ tr❛♥s❛❝t✐♦♥s ♦♥ ♥❡✉r❛❧ ♥❡t✇♦r❦s ✴ ❛ ♣✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡
■❊❊❊ ◆❡✉r❛❧ ◆❡t✇♦r❦s ❈♦✉♥❝✐❧✱ ✶✹✭✻✮✿✶✹✹✾✕✺✾✱ ❏❛♥✉❛r② ✷✵✵✸✳
❬✷✹❪ ❋❧♦r✐❛♥ ▼♦r♠❛♥♥✱ ❘❛❧♣❤ ● ❆♥❞r③❡❥❛❦✱ ❈❤r✐st✐❛♥ ❊ ❊❧❣❡r✱ ❛♥❞ ❑❧❛✉s
▲❡❤♥❡rt③✳ ❙❡✐③✉r❡ ♣r❡❞✐❝t✐♦♥✿ t❤❡ ❧♦♥❣ ❛♥❞ ✇✐♥❞✐♥❣ r♦❛❞✳ ❇r❛✐♥ ✿ ❛
❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦❧♦❣②✱ ✶✸✵✭Pt ✷✮✿✸✶✹✕✸✸✱ ❋❡❜r✉❛r② ✷✵✵✼✳
❬✷✺❪ ❳▲ ◆❣✉②❡♥✱ ▲✐♥❣ ❍✉❛♥❣✱ ❛♥❞ ❆❉ ❏♦s❡♣❤✳ ❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✱
❞❛t❛ r❡❞✉❝t✐♦♥✱ ❛♥❞ ❛♣♣r♦①✐♠❛t❡ ❦❡r♥❡❧ ♠❛tr✐❝❡s✳ ▼❛❝❤✐♥❡ ▲❡❛r♥✐♥❣
❛♥❞ ❑♥♦✇❧❡❞❣❡ ✳ ✳ ✳ ✱ ✷✵✵✽✳
❬✷✻❪ ❚▼❊ ◆✐❥s❡♥ ❛♥❞ ❘▼ ❆❛rts✳ ❆✉t♦♠❛t❡❞ ❞❡t❡❝t✐♦♥ ♦❢ t♦♥✐❝ s❡✐③✉r❡s ✉s✐♥❣
✸✲❉ ❛❝❝❡❧❡r♦♠❡tr②✳ ✳ ✳ ✳ ❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦❢ ✳ ✳ ✳ ✱ ♣❛❣❡s ✶✽✽✕✶✾✶✱ ✷✵✵✾✳
✺✶
❬✷✼❪ ▼❩ P♦❤✳ ❈♦♥t✐♥✉♦✉s ❛ss❡ss♠❡♥t ♦❢ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡s ✇✐t❤ ✇r✐st✲✇♦r♥
❜✐♦s❡♥s♦rs✳ ✷✵✶✶✳
❬✷✽❪ ❆❍ ❙❤♦❡❜✳ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ t♦ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡ ♦♥s❡t
❞❡t❡❝t✐♦♥ ❛♥❞ tr❡❛t♠❡♥t✳ ✷✵✵✾✳
❬✷✾❪ ❆❧✐ ❙❤♦❡❜✱ ❍❡r♠❛♥ ❊❞✇❛r❞s✱ ❛♥❞ ❏❛❝❦ ❈♦♥♥♦❧❧②✳ P❛t✐❡♥t✲s♣❡❝✐✜❝ s❡✐③✉r❡
♦♥s❡t ❞❡t❡❝t✐♦♥✳ ❊♣✐❧❡♣s② ✫ ❇❡❤❛✈✐♦r✱ ✶✿✹✶✾✕✷✷✱ ❏❛♥✉❛r② ✷✵✵✹✳
❬✸✵❪ ❙✐❧✐❝♦♥ ▲❛❜s ❛♥❞ ❊♥❡r❣② ▼✐❝r♦✳ ❊❋▼✸✷ ❲♦♥❞❡r ●❡❝❦♦ ▼✐❝r♦❝♦♥tr♦❧❧❡r
❋❛♠✐❧② ✲ ❤tt♣✿✴✴✇✇✇✳❡♥❡r❣②♠✐❝r♦✳❝♦♠✴♣r♦❞✉❝ts✴❡❢♠✸✷✲✇♦♥❞❡r✲❣❡❝❦♦✲
♠✐❝r♦❝♦♥tr♦❧❧❡r✲❢❛♠✐❧②✳
❬✸✶❪ ❏♦s❡♣❤ ❙✐r✈❡♥✱ ❇❛r❜❛r❛ ❲❤❡❞♦♥✱ ❉❡❜♦r❛❤ ❈❛♣❧❛♥✱ ❏♦②❝❡ ▲✐♣♦r❛❝❡✱
❉❛✈✐❞ ●❧♦ss❡r✱ ❏♦②❝❡ ❖✬❉✇②❡r✱ ❛♥❞ ▼✐❝❤❛❡❧ ❘✳ ❙♣❡r❧✐♥❣✳ ❚❤❡ ❑❡t♦❣❡♥✐❝
❉✐❡t ❢♦r ■♥tr❛❝t❛❜❧❡ ❊♣✐❧❡♣s② ✐♥ ❆❞✉❧ts✿ Pr❡❧✐♠✐♥❛r② ❘❡s✉❧ts✳ ❊♣✐❧❡♣s✐❛✱
✹✵✭✶✷✮✿✶✼✷✶✕✶✼✷✻✱ ❉❡❝❡♠❜❡r ✶✾✾✾✳
❬✸✷❪ ❱✳ ❙r✐♥✐✈❛s❛♥✱ ❈✳ ❊s✇❛r❛♥✱ ❙r✐r❛❛♠✱ ❛♥❞ ◆✳ ❆rt✐✜❝✐❛❧ ◆❡✉r❛❧ ◆❡t✇♦r❦
❇❛s❡❞ ❊♣✐❧❡♣t✐❝ ❉❡t❡❝t✐♦♥ ❯s✐♥❣ ❚✐♠❡✲❉♦♠❛✐♥ ❛♥❞ ❋r❡q✉❡♥❝②✲❉♦♠❛✐♥
❋❡❛t✉r❡s✳ ❏♦✉r♥❛❧ ♦❢ ▼❡❞✐❝❛❧ ❙②st❡♠s✱ ✷✾✭✻✮✿✻✹✼✕✻✻✵✱ ❉❡❝❡♠❜❡r ✷✵✵✺✳
❬✸✸❪ ❆❜❞✉❧❤❛♠✐t ❙✉❜❛s✐✳ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ❛❞❛♣t✐✈❡ ♥❡✉r♦✲❢✉③③② ✐♥❢❡r❡♥❝❡ s②s✲
t❡♠ ❢♦r ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥ ✉s✐♥❣ ✇❛✈❡❧❡t ❢❡❛t✉r❡ ❡①tr❛❝t✐♦♥✳
❈♦♠♣✉t❡rs ✐♥ ❇✐♦❧♦❣② ❛♥❞ ▼❡❞✐❝✐♥❡✱ ✸✼✭✷✮✿✷✷✼✕✷✹✹✱ ✷✵✵✼✳
❬✸✹❪ ❆❜❞✉❧❤❛♠✐t ❙✉❜❛s✐✳ ❊❊● s✐❣♥❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ✉s✐♥❣ ✇❛✈❡❧❡t ❢❡❛t✉r❡ ❡①✲
tr❛❝t✐♦♥ ❛♥❞ ❛ ♠✐①t✉r❡ ♦❢ ❡①♣❡rt ♠♦❞❡❧✳ ❊①♣❡rt ❙②st❡♠s ✇✐t❤ ❆♣♣❧✐❝❛✲
t✐♦♥s✱ ✸✷✭✹✮✿✶✵✽✹✕✶✵✾✸✱ ✷✵✵✼✳
❬✸✺❪ ❲❖ ❚❛t✉♠✳ ❆rt✐❢❛❝t ❛♥❞ r❡❝♦r❞✐♥❣ ❝♦♥❝❡♣ts ✐♥ ❊❊●✳ ❏♦✉r♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧
✳ ✳ ✳ ✱ ✷✽✭✸✮✱ ✷✵✶✶✳
✺✷
❬✸✻❪ ❆❚ ❚③❛❧❧❛s ❛♥❞ ▼● ❚s✐♣♦✉r❛s✳ ❆✉t♦♠❛t❡❞ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡ ❞❡t❡❝t✐♦♥
♠❡t❤♦❞s✿ ❛ r❡✈✐❡✇ st✉❞②✳ ❊♣✐❧❡♣s②✲❤✐st♦❧♦❣✐❝❛❧ ✳ ✳ ✳ ✱ ✷✵✶✷✳
❬✸✼❪ ❈❛r♦❧②♥ ❯♥s✇♦rt❤✳ ▲✐✈✐♥❣ ✇✐t❤ ❡♣✐❧❡♣s②✿ ❙❛❢❡t② ❞✉r✐♥❣ ❤♦♠❡✱
❧❡✐s✉r❡ ❛♥❞ ✇♦r❦ ❛❝t✐✈✐t✐❡s✳ ❆✉str❛❧✐❛♥ ❖❝❝✉♣❛t✐♦♥❛❧ ❚❤❡r❛♣② ❏♦✉r♥❛❧✱
✭❆♣r✐❧✮✿✽✾✕✾✽✱ ✶✾✾✾✳
❬✸✽❪ ❱❧❛❞✐♠✐r ❱❛♣♥✐❦✳ P❛tt❡r♥ r❡❝♦❣♥✐t✐♦♥ ✉s✐♥❣ ❣❡♥❡r❛❧✐③❡❞ ♣♦rtr❛✐t ♠❡t❤♦❞✳
❆✉t♦♠❛t✐♦♥ ❛♥❞ r❡♠♦t❡ ❝♦♥tr♦❧✱ ✷✹✿✼✼✹✕✼✽✵✱ ✶✾✻✸✳
❬✸✾❪ ❳✐♥②✐ ❨♦♥❣✱ ❘❑ ❲❛r❞✱ ❛♥❞ ●❊ ❇✐r❝❤✳ ❋❛❝✐❛❧ ❊▼● ❝♦♥t❛♠✐♥❛t✐♦♥ ♦❢
❊❊● s✐❣♥❛❧s✿ ❈❤❛r❛❝t❡r✐st✐❝s ❛♥❞ ❡✛❡❝ts ♦❢ s♣❛t✐❛❧ ✜❧t❡r✐♥❣✳ ❈♦♠♠✉♥✐✲
❝❛t✐♦♥s✱ ❈♦♥tr♦❧ ❛♥❞ ✳ ✳ ✳ ✱ ✭▼❛r❝❤✮✿✶✷✕✶✹✱ ✷✵✵✽✳
❬✹✵❪ ▲❡❛♥ ❨✉✱ ❙❤♦✉②❛♥❣ ❲❛♥❣✱ ❛♥❞ ❑✐♥ ❑❡✉♥❣ ▲❛✐✳ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ ❉✐✈❡r✲
s✐t② ❙tr❛t❡❣✐❡s ✐♥ ❙❱▼ ❊♥s❡♠❜❧❡ ▲❡❛r♥✐♥❣✳ ✷✵✵✽ ❋♦✉rt❤ ■♥t❡r♥❛t✐♦♥❛❧
❈♦♥❢❡r❡♥❝❡ ♦♥ ◆❛t✉r❛❧ ❈♦♠♣✉t❛t✐♦♥✱ ♣❛❣❡s ✸✾✕✹✷✱ ✷✵✵✽✳
❬✹✶❪ ▼❛r✐♦ ❩❡❝❤♥❡r ❛♥❞ ▼✐❝❤❛❡❧ ●r❛♥✐t③❡r✳ ❆ ❝♦♠♣❡t✐t✐✈❡ ❧❡❛r♥✐♥❣ ❛♣♣r♦❛❝❤
t♦ ✐♥st❛♥❝❡ s❡❧❡❝t✐♦♥ ❢♦r s✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✳ ❑♥♦✇❧❡❞❣❡ ❙❝✐❡♥❝❡✱
❊♥❣✐♥❡❡r✐♥❣ ❛♥❞ ✳ ✳ ✳ ✱ ✷✵✵✾✳
✺✸
